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Preface

The continuing rapid developments taking place in quantum electronics

cut across a wide swath of research activities including atomic and solid-

state physics, nonlinear optics and spectroscopy, and quantum light beams

and quantum measurements. Strong research programs in these areas presently

exist in the United States and Japan. These Proceedings represent summaries

and viewgraphs from a U.S.-Japan Seminar entitled "Quantum Mechanical Aspects

of Quantum Electronics," which was held from July 21 to July 24, 1987 at the

Hilton Inn Resort in Monterey, California. The 1987 Seminar was the fourth

in a series on quantum electronics which began in Hakone, Japan in 1977, with

meetings in Maui, USA in 1980 and Nara, Japan in 1983. The previous seminars

engendered valuable technical ties between researchers in the two countries,

which were strengthened and expanded at the Monterey Seminar. The early

meetings in the series were centered on the emerging techniques in nonlinear

and high-resolution spectroscopy. At the Nara meeting, the emphasis shifted

to include major consideration of quantum issues of coherence and incoherence.

The 1987 Seminar focused on topics of very current interest, including:

neutral atom trapping; ultrahigh stability sources and ultrahigh resolution

spectroscopy; squeezed states of light; and nonlinear optics of semiconductors.

The spirit and vibrancy with which these topics were discussed was a testimony .or

to the vitality of the U.S.-Japan Seminars. We look forward to another such
DTIC TAB

successful meeting in Japan in 1989 Unannounced
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OPTICAL COOLING AND TRAPPING
William D. Phillips, MET B258, National Bureau of Standards

Gaithersburg, MD 20899

(Summary of presentation at the U. S. - Japan Seminar on Quantum Mechanical
Aspects of Quantum Electronics, Montery, CA, July 1987)

Past and present collaborators on work done at NBS Gaithersburg are
shown on the ist slide. Many other groups throughout the world are active
in this area and only a fe are mentioned in this talk. The November 1985
issue of J. Opt. Soc. Am. B contains papers from many of these groups. A
forthcoming article in Science by Phillips, Gould and Lett reviews much of
the recent work.

Some of the motivations for the work are listed in slide 2. In
particular, note that efforts to achieve Bose condensation in spin polarized
hydrogen have been plagued by problems related to interactions between atoms
at high density and atoms adsorbed on the walls of the container. Optical
cooling and electromagnetic trapping may be able to address these problems
because low temperatures can be achieved, allowing lower densities for Bose
condensation, and in a container without material walls.

Slide 3 shows how the resolution of free-bound spectroscopy is limited
by the kinetic energy spread of the free atoms. With laser cooled atoms,
the free-bound spectroscopic resolution becomes about equal to bound-bound
resolution. Slide 4 illustrates how the low energies of laser cooled atoms
put collisions between them in a highly qunatum mechanical regime, one which
has not been investigated experimentally as yet.

The principle of laser cooling, proposed in 1975 and first demonstrated
on trapped ions in 1978, is shown in slide 5. When the laser is tuned below
resonance, the atoms absorb the light more strongly when they are moving
toward the laser. This results in more absorptions that slow the atoms than
ones which accelerate them. In a trap, such as an ion trap, the orbits of
the atoms continually bring the atoms toward the laser, so they can be
slowed down. In the absence of such trapping, symmetric illumination can
accomplish the same thing, as shown in slide 6.

The problem is that the range of velocities over which the force is
substantial is only a few meters per second. For a trapped atom going much
faster than this, this is not too bad, since the small cooling rate can act
over a long period of time. Ion traps hold ions at room temperature or
higher energies, but neutral traps (slide 7) are all very shallow and can't
hold atoms with energies above about 1 K. Therefore, one must slow the
atoms down first, then trap or further cool them.

Slide 8 shows the basic idea of decelerating an atomic beam. A laser

beam is directed against an atomic beam and the absorbed photons slow down

the atoms. As the atoms slow, their Doppler shift changes and they go out
of resonance with the laser. The two major solutions to this problem are
to change the frequency of the laser to compensate the change in Doppler
shift, and to change the frequency of the atoms (by for example a Zeeman
shift).

-1- -13-
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Slide 9 shows the effect on an atomic beam velocity distribution when
nothing is done to compensate the changing Doppler shift. A narrow feature
is produced, but little deceleration occurs and only a small part of the
distribution is affected. Slides 10 and 11 show the effects of using Zeeman
tuning and frequency chirping. These techniques can actually bring the
atomic beam virtually to rest. Slide 12 shows a view of our Zeeman tuned
cooling apparatus, and the observer position for slide 13 which is a
photograph of the stopped beam.

Once the atoms are stopped or going very slowly, the cooling scheme of
slide 6 can be used. Slide 14 calculates the damping force on an atom with
small velocity. Slide 15 calculates the limiting temperature, balancing the
rate of dissipating energy by damping with the rate of gaining energy by the
random heating caused by scattering of photons in random directions. Also
illustrated is the fact that with a strong motional damping the atoms have a
short mean free path and therefore a long diffusion time. This slow
diffusion of atoms is the molasses effect. Note that the numbers will be
quite different in three dimensions. Slide 16 shows the expected 1-D
diffusion time as a function of detuning for this "classical" molasses.

Slide 17 shows our experimental arrangement for observing molasses:
Atoms from the atomic beam, slowed by the laser, enter the molasses formed
at the interesection of 3 orthogonal pairs of counterpropagating laser
beams. Here they "stick" for a long time. Slide 18 is a photograph of the
nearly stopped atomic beam and the molasses. Molasses was first observed at
Bell Labs in 1985 in pulsed experiments. We achieve higher density by using
a continuous process.

Slide 19 shows Phil Gould and Pauld Lett making molasses in our lab,
along with a picute of molasses so bright it can be easily seen in daylight,
Another picture of molasses is in slide 20.

By sweeping the molasses laser frequency we can measure the molasses
brightness as a function of frequency as shown in slide 21. The smooth
curve is the predicted behavior of the molasses diffusion time, which should
be directly related to the atomic density. Because of additional factors
affecting molasses brightness, we also measured the molasses lifetime, the
time for atoms to diffuse out of the intersection of the laser beams. The
apparatus for this is shown in slide 22. The atomic beam and cooling laser
are chopped off, turning off the slow atoms into the molasses, and the
fluorescence from the molasses is observed as a function of time.

Slides 23 and 24 show typical loading and decay curves as the source of
slow atoms to the molasses is turned on and off. Slide 24 shows a sequence
of decay curves as the molasses frequency is scanned, and slide 25 plots the
molasses lifetime as a function of frequency for two different powers. The
solid curve is the theoretical prediction for classical molasses. The
disagreement is strong.

Slide 26 derives the expected drift velocity of atoms in molasses if
the laser beams are unbalanced. The exact result for classical molasses
indicates a subtantial reduction in the molasses lifetime for a 10%
imbalance. Slide 27 shows the experimental results compared to the theory,
again with a large disgreement, more than a factor of ten. Slide 28
summarizes possible reasons for the disagreement. Most significant is the

2 -14-
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fact that at low power the experimental molasses acts nearly "normal", that
is, like classical molasses. None of the possible explanations have given
explicit predictions of the experimentally observed behavior.

We now turn to a consideration of dipole forces on atoms in laser
fields. Slide 29 shows the origin of the dipole potential in the dressed
atom picture. Starting with a ground and excited state g and e, we turn on
the laser field, but not the interaction between atoms and laser. The
energy levels of atom+field are a ladder of pairs of nearly degenerate
states separated by the detuning from resonance. When the interaction is
turned on the nearly degenerate states ( ground state with n+l photons and
excited state with n photons in the field) are repelled and mixed, being
separated by the generalized Rabi frequency. In slide 30 we see the case
for both positive and negative detunings of the laser. The atom occupies
both dressed levels, but is predominantly in the one which connects
adiabatically to the ground state. This is illustrated by the bigger dot.
Thus for negative detunings the atom is more often on the level which has
its lowest energy at the strongest part of the field. Details of this
approach can be found in Dalibard and Cohen-Tannoudji, J. Opt. Soc. B 2,
1701 (1985).

The dipole force can be exploited to make a trap. Slide 31 shows a
design suggested by Ashkin in 1978 and recently realized in our laboratory
for the first time. Two laser beam with Gaussian intensity profiles are
focussed so that they are counterpropagating and diverging at the center of
the trap.. For negative detunings the dipole force provides a potential well
perpendicular to the symmetry axis, while the radiation pressure or
scattering force provides the potential well along the axis.

A number of refinements were needed before the original idea of Ashkin
cound be accomplished. Gordon and Ashkin realized that the trap beam alone
could not provide the cooling needed to stabilize that trap and that
separate cooling was needed (slide 32.) They also realized that the dynamic
Stark shifts induced by the trap would inhibit proper cooling. Dalibard,
Reynaud and Cohen-Tannoudji suggested alternating the trapping and cooling
beams to eliminate this problem (slide 33.) It was also known that the
standing wave resulting from the counterpropagating trap beams would cause
additional heating due to fluctuations in the strong dipole forces.
Dalibard and Cohen-Tannoudji proposed the alternation of the two trap beams
to eliminate this effect (slide 34.) Finally, Chu et al. demonstrated the
efficient loading of an optical trap from optical molasses. Combining all
these ideas we were able to make such a trap, having an volume over which

atoms could be captured, of about 1 cm , and a density increase, averaged30"  4m

over the capture volume, on the order of 103 or 104 compared to the molasses
density.
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Optical Trapping of Neutral Atoms and
Dielectric Particles by Radiation Pressure

A. Ashkin, J. E. Bjorkholm and S. Chu
AT&T Bell Laboratories

Holmdel, NJ 07733

SUMMARY

Recently a number of exciting results have been achieved in the field of laser trapping
and manipulation of small dielectric particles. Optical trapping and manipulation of
Na atoms has been demonstrated at record low temperatures and record densities.

Trapping of submicron Rayleigh particles with diameters down to = 250 A has been
4 achieved. Individual biological particles such as viruses, bacteria and small organisms

have also been manipulated with light. The basic forces involved in trapping all these
rather diverse particles are the forces of radiation pressure which come from the
momentum of the light itself.

This talk briefly traces the history of the subject, gives some physical feel for the
subject, mentions some of the principal results, and gives my perspective on the future.
It concludes with a 5 minute tape showing trapping and manipulation of atoms and
biological particles.
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MACROSCOPIC QUANTUM JUMPS IN A SINGLE ATOM

/ Axel Schenzle

University of Essen
4300 Essen

West Germany

Richard G. Brewer

IBM Almaden Research Center
650 Harry Road

San Jose, California 95120-6099

ABSTRACT: A single atom optical clock proposed over 10 years ago utilizes an

amplification scheme which only recently was recognized as a novel problem in quantum

statistics. The atom, a three state system, has two coupled transitions that are driven

continuously by two external fields, one being an allowed transition (1 *- -3) and the

other a forbidden transition (2- -4.3) where 1 3> is the lowest state. It has been argued

that the weak transition, which is difficult to detect, could be monitored by the presence

or absence of spontaneous emission of the strong transition. Thus, when the atom is

shelved in the metastable state 1 2>, the strong transition is extinguished, but when the

atom executes a single quantum jump (2--3), it triggers a succession of perhaps a million

quantum jumps (macroscopic quantum jumps) in the strong transition, an amplification

that can be detected easily. This intuitive argument for alternating bright and dark

intervals assumes, however, that the atom is always in an eigenstate. Should the atom

be in a superposition state, because of coherent excitation, one could imagine that the

weak transition would merely reduce the intensity of the strong transition slightly. This

issue is resolved, in favor of the first intuitive argument, by calculating the photon

counting statistics, the probability W(n,T) of observing precisely n photon counting

events in a collection T in a quantum mechanically consistent way. The results cannot

-70-
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be described by classical statistics. A compact analytic form is obtained for W(nT) by

considering the entire hierarchy o orlto ucin hr h msinitra

peaks sharply about a particular of correatPion dinstributiereatdecamibsionmpnrable in

'egtIo h darkness interval (n =0) while the other values of n display vanishingly

small probabilities.
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EUROPEAN ORGANIZATION FOR MILEAR RESEA3RlM

Are there quantum jumps?

Geneva, 19 June 1956

If we have to go on with these damned quantum 1M.O tbm I'm sorry that 1 ever
got involved. E.Schr~dinger.

1. Introduction

I have borrowed the title of a characteristic paper by Schr5dinger (Schr~linger,

1952). In it he contrasts the smooth evolution of the Schr~dinger wavcfunction with

the erratic behaviour of the picture by which the wavcfunction is usually supple-

mented, or 'interpreted', in the minds of most physicisms He objcts in particular to

the motion of 'stationary states'. and above all to 'quantum jumping' between those

states. He regards these concepts as hazzgovm from the old Bohr quantum theory,

* of 1913, and entirely unmotivated by anything in the mathematics or the new theory

of 1926. He would like to regard the wavefunction itself as the complete picture, and

completely determined by the Schr~dinger equation, and so evolving smoothly with-

) ~CERN -TM. 1211 Guy,. 23. Swi~wLaM
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Trapping and Cooling a Single Ba' Ion
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Laser cooling of neon metastable states

Fujio Shimizu, Kazuko Shimizu and Hiroshi Takuma I
We report the first demonstration of the ler cooling of a

neutral atomic beam other than alkali atoms. A neon beam was
cooled by using the 640nm transition between the metastable state
is 5 (J=2) and 2p9 (J=3). We further transfered this cooled 185
metastable atoms to another metastable state is3 (J=O). The
population in 2 P9 can decay only to the metastable state 1s5.
Therefore, this metastable atoms can be cooled by the same tech-
nique as used for the cooling of alkali beams. The cooled atoms
can be transfered to another metastable state 1s5, or to the

ground state, by pumping 1s9 population to one of four J=l levels
of 2p state followed by spontaneous decay to is state, then to
the ground state by emitting 70nm VUV photon. The heating in this
process is very small, because the kinetic energy gain by the
recoil momentum is very small even for the VUV photon.

*. The experimental setup is basically the same as the sodium
cooling by Phillips et al. The metastable atoms are created by a
dc discharge, and are extracted through a pinhole on the anode.
The beam passes through a solenoid , which produces a nonuniform

axial field. The deceleration laser with 640nm is sent from the
opposite direction towards the Ne beam source. It is usually cir-
cularly polarized, and its frequency is 100 to 200MHz below the

resonance without magnetic field. The velocity distribution of
the decelerated atom emerging from the solenoid is monitored
through the Doppler profile of 185-2p7 and 1s3-2p5 transitions,
by detecting 70nm spontaneous photon by an electron multiplier.
To transfer the cooled 1s5 atoms, to Is3 level, a 588nm laser is
crossed perpendicular to the Ne beam approximately 1cm upstream
of the Doppler analysis point.

The result shows that a large fraction of the 135 atoms can
be slowed 100m/s suitable for the further deceleration and trap-
ping by standing wave lasers or by magnetic field. Neon atoms in
the beam is expected in either one of Is5, 183 and ground states.
Because J=2 for Is5 while for others J=0, one can separate 1s5
atoms by nonuniform magnetic field. It is also possible to
produce pure 183 or ground state atoms from 1s5 atoms by various
laser pumping schemes. Therefore, by combining the above cooling
technique, we can produce cooled atoms in single metastable or
ground state. Those cooled atoms are of interest for studying
lifetime and dynamics of metastable states.
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Silicon energy levels
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Oxygen energy levels
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Neon energy levels
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Gigantic Optical Nonlinearity

in Low Dimensional Systems

Eiichi Hanamura

Department of Applied Physics, University of Tokyo,

Hongo, Bunkyo-ku, Tokyo 113, Japan

Artificial as well as natural low-dimensional materials

are now available in addition to bulk crystals. The material

system with larger nonlinear optical susceptibility, e.g.,

X (3) ( ;_ , the third order optical susceptibility, is

being looked for to realized more effective optical information

processor.

First, we discuss the dimensional effects on X (3 ) and

how X (3 ) increases when we proceed from the bulk system of 3-

dimension into the 2- and 1-dimensional systems. Here the

larger X(3 ) comes from the enhanced oscillator strengths due

to the stronger confinements of particles and the stronger

exciton effect in lower dimensional system.

Second, the nonlinear optical susceptibility is shown to

be extremely enhanced for an assembly of microcrystallites as

0-dimensional systems. This is because the exciton is quantized

due to the confinement effect and the excitons in a single

microcrystallite interact enough strongly to make the excitons

deviate drom ideal harmonic oscillators.
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MEASUREMENTS OF OPTICAL NONLINEARITIES
IN MOCVD-GROWN GaAs/GaAIAs MULTIPLE QUANTUM WELLS

*E. Garmire
Center for Laser Studies

University of Southern California

Los Angeles, CA 90089-1112

This paper reports on measurements of nonlinear absorption
made by A. Kost and M. Kawase in material provided by H. C. Lee,
A. Hariz and P. D. Dapkus. The work was supported by AFOSR, ARO
and NSF. Five samples with differing well thicknesses were
compared. By fitting measurements of saturable absorption at
particular wavelengths to excitonic bleaching (at low intensity
levels) and background absorption saturation (at higher intensity
levels), we are able to infer the separate contributions to the
absorption. The well dependence of the height of the absorption
contributions and also of the saturation intensities were
measured.

From measurements of the wavelength dependence of the
saturable absorption, calculations were made of the wavelength
dependence of the change in refractive index. The dependence of
the change in index with intensity on or near resonance is

sublinear.

I
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absorption cefelent for various Itensities

0

24 N

.44 1.48 1:48 1.50 1.52 1.54

photon energy 4eV)

delta n for various Intensities &pE~ n pf Ad((I Ifc'

411.42 1.44 1.46 1.48 1.50 I.52 1.54 0.6

photon energy J*V -124 -
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Progress in Stabilized Lasers

John L. Hall
Dieter Hils

Christophe Salomon
Jean- Marie Chartier

Franco Wong

SubDoppler Optical Multiplex
Spectroscopy, with
Stochastic Excitation

Klaus- Peter Di nse
Mi ke Wi nters
John L. Hall

Joint Institute for
Laboratory Astrophysics

Boulder, Colorado
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High Performance Frequency Servo
'It

A frequency Servo system using a Reflection-mode
phase/frequency optical discriminator and an "outside -

the-laser" frequency transducer can achieve excellent closed
loop performance. Here an Argon laser is stabriized tightly
above 200 kHz so that measurement shot-noise is converted
into a corresponding FM excursion, ie the servo null point goes
6 dB below the shot-noise level. The remaining FM noise at 100
kHz is near the shot-noise level and can be drastically reduced
with additional low frequency gain.

10 dB/ div 170 ms / div

Servo system

null point EOM Fast Loop OFF

shot-noise
level "-

II I I I I I I

EOM Fast Loop ON

shot-noise

0 200 400 600 800

Kilo Hertz
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Distinguishing a Spectral Linefrom Filtered Noise

-10 I iI t

NoiseHz/sNoise ~ ~ ~ ",,,;3 (e) Drift -

Line
-12

' m __M d _ . ' . -,,, "-,. .., corr

> (ae Lon) (e)-

i -1

-I I

-5 -4 -3 -2 -10 1 2 3 4 5

log Measurement time
In the lower-left sector the fast laser phase-noise is below one radian, so the

source looks like a spectral line which is (slowly) drifting in frequency. In the

upper-right triangle, the phase noise exceeds one radian, and so no appreciable

sharp carrier component is left. Thus the field has only a short time-coherence

and looks like white noise which has been spectrally filtered, in our case by the

resonance filter represented by the frequency servo loop. Note that the present

cavity-locked results offer a line spectrum out to a few seconds, while the

Iodine resonances are too broad and / or too weak to give good short-term

locking. -134-i"0
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Dynamic and Spectral Properties of Semiconductor Lasers with

Quantum Well, Quantum Wire, and Quantum Box Structures

Yasuhiko Arakawa

University of Tokyo, Roppongi, Minato-ku, Tokyo 106 Japan

Abstract

Effects of reduced dimensionality of electron motion alter various

properties of semiconductor lasers. In fact, quantum well structures have

.1 brought significant improvements in semiconductor laser characteristics. In

1982, Arakawa et. al. proposed the concept of the quantum box laser as well as

the quantum wire lasers. In an ideal quantum box structures, electrons and

holes have highly localized wavefunctions and the state space in each box is

discrete as opposed to the quasi continuum of the bulk. The contribution to

gain from each ideal quantum box arises from a pair of two level systems. In

this case, the overall active layer would much like a gas laser in which the

quantum boxes are analogous to the atoms in the gas.

In this paper, we discuss dynamic and spectral properties of

semiconductor lasers having such quantum-mechanical micro-structures, with

emphasis on the quantum box lasers. The theoretical analysis indicates that

laser characteristics are significantly improved in low-dimensional electronic

gas systems. In order to demonstrate the quantum box effects experimentally.

we place a quantum well laser in a high magnetic fields, in which zero-

dimensional electronic systems are formed by both Lorentz force and the

quantum well potential effects. In addition, recent progresses of picosecond

pulse generation in quantum well lasers are also discussed.
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DYNAMIC AND SPECTRAL PROPERTIES OF SEMICONDUCTOR LASERS WITH

QUANTUM WELL, QUANTUM WIRE, AND QUANTUM BOX STRUCTURES

Y. ARAKAWA

UNIVERSITY OF TOKYO, TOKYO, JAPAN

1. BASIC PROPERTIES OF ELECTRONS IN QUANTUM-WELL(2D)
STRUCTURES, QUANTUM-WIRE(ID) STRUCTURES, AND QUANTUM-BOX
STRkICTURES(OD)

2. MODULATION DYNAMICS

3. FIELD SPECTRAL PROPERTIES

4. EXPERIMENTAL DEMONSTRATION USING HIGH MAGNETIC FIELD

5. PICOSECOND PULSE GENERATION IN QUANTUM WELL LASERS
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QUANTUM WELL QUANTUM WIRE QUANTUM BOX

POTENTIAL --
BARRIER

(a)

P (C).---a- p (E) P (F)

QUANTUM WELL QUANTUM WI.RE :U4NTUM BOY

(b) DENS!TY OF STATES
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FABRICATION OF QUANTUM-WIRE AND QUANTUM-BOX STRUCTURES

(GaAs/A1GaAs and InP/InGaAs)I

ELECTRON BEAM LITHOGRAPHY

(1986 Worlock et al., 1987 Temikn et al.)

ETCHING THROUGH THE USE OF ANISOTROPIC PROPERTIES OF CRYS

(1982 Petroff)

USE OF DISORDERING EFFECTS IN QUANTUM-WELL STRUCTURES

(1986 Petroff et al., 1986 Hlrayama et al.)

GROWTH ON VICINAL SURFACES

(1984 Petroff)

(HIGH MAGNETIC FIELDS
(1982 Arakawa et al.)

DEVICE PHYSICS

ANALYSIS OF ELECTRON TRANSPORT IN QUANTUM-WIRE STRUCTURES

(1980 Sakakl)

* PROPOSAL OF QUANTUM-WIRE LASERS AND QUANTUM-BOX LASERS
(1982 Arakawa et al.)
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Resonance Frequency f

dn J J(t) -c gn -n

dt eLz nr7'

dP c n P
- = 1-g(n)P +,8- - -

dt Ta 7 Tp

Small Signal Analysis

n=no+LAn; P=PO+AP

g'(n, E) =dg (n, E) /dr

Differential Gain

P0O PhotonDensity

TpPhtonLifetime

LO rem pwr-1-ive'

~ -156-



R LA XAT7io41 RE-50AIAAIT WE/

z
21 OD

4.,X '

w
N< 2

0LL

50 70 100 200 500

QUANTUM DIMENSION (4)L.

-157-

U~ SuP~PRAN""" ~ ~ '*



DIFFERENTIAL GAIN

g' Ag/A&n

OD SYSTEM

-3D SYSTEM

* Agw L.;*A1M1



si. 2

0. 8

4
~0. 4

'II 2

*0. 00
0 50 100 150 200 2 50

Fermi Energy (meV)

-159-



AV =AVS+ AAF

AvSTw: Shawlow-Townes linewidth

Spontaneous Emission -oA0--s,-AvS oCc 1/1

AVAF: Phase Noise due to AM/KM Coupling

Spontaneous Emission --* Al -*An -* Afr

dXj/ dn

AV= (1 +-a2 )AVST

X depends on p

-*a is improved by the use of quantum well and
quantum wire structures
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SUMMARY

1. BASIC PROPERTIES OF ELECTRONS IN QUANTUM-WIRE (1D)

STRUCTURES AND QUANTUM-BOX (OD) STRUCTURES

2. MODULATION DYNAMICS

4xfR(QUANTUM-BOX) 3xfR(QUANTU-.WIRE)

3. FIELD SPECTRAL PROPERTIES

C - O(QUANTUM-BOX) 0(~ 0.8(QUANTUN.WIRE)

4. EXPERIMENTAL DEMONSTRATION USING HIGH MAGNETIC FIELD

B-2OTESLA

SIGNIFICANT IMPROVEMENTS IN MDOULATION DYNAMICS AND

SPECTRAL PROPERTIES ARE OBSERVED
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PICOSECOND PULSE GENERATION IN QUANTUM WELL LASERS

GAIN SWITCHING METHOD

PULSE CURRENT INJECTION

MATRIX ELEMNT MODULATION

MODE LOCKING METHOD

ACTIVE
PASSIVE

Q-SWITCHING METHOD

ACTIVE
PASSIVE

IN THIS TALK

ACTIVE Q-SWITCHING IN MULTI-QUANTUM WELL LASERS
WITH INTRACAVITY MONOLITHIC LOSS MODULATOR (18.6psec)

GAIN SWITCING IN MULTI-QUANTUM WELL LASERS (1.8psec)
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ENHANCED BAND SHRINKAGE EFFECTS

QUANTUM CONFINED STARK EFFECTS
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M w itt N using Itnegat o'. P P irPt' 1(- &I feed ba( k k

Ne.. .'k. . fee i a, k i I o.i prop(ooed t,. realize siuch ultrahigh
'ofa1 F ii . f' r Mse r The ,enter frequen-% fluctuations of the

r -~ 0 I~~- o- hs this feedback The linewidtb of the
*Ii~ Of 1- 11111 li~t A;~ hich is narrower than the value given by the

iu an! 4 ' r, v ii %, ir -i-, fririingz laser (Fig 21 Optical phsse-locked loop
'o1AZewk 4 4Tr. 4 if'. r A . J , 4 ra, % 3w KW *o capture range of 1 2 GHz and locking

A, iii -orrn.4' % home ! realize ultrahigh cc t'rence in semiconductor
A.r 0. rw~ n% 1.k, 0 .\) eeIrn Pn I a i melhodi for acc urate requency track Ing usin g

he rreie* , %1, Ti, anes :u, orissi, r bet Areen the twoC longit idinal modes 1.2 We
P In~ A mert h, ., I rres nart upling bet ween the two optic al transitions via optical
sideoband.. pr. *du.led tlo pararnet ri modulation of t he laser gain By this modulation.
t he line,i] I h J.4 te retrr'd ned signal was reduced to 25 kHz (Fig 3 The minimum of
the linP%%ith tiainret t% limited by resolution of our linewidth measurement system)
This value ~or.p~~to suppression of the relative phase noise between the two
modes to Ies-, than ne-t%%entieth of the quantum noise limit of the tree-running laser

.As an application of these ultrahigh coherent lasers, we have used them as
optical pumping sources for Rb atomic clock of 6 8 0Hz frequency A novel optical-
microwave double resonance spectral shape with the linewidth as narrow as 20 Hz is

* demonstrated by utilizing FM sidebands of the laser induced by nonlinear susceptibility
of the three-level Rb atoms (Fig 4) Theoretical analysis Shows that by optimizing the
modulation parameters one can realize ultra-sensitive microwave frequency
discrimination. %hich is about 7.500 times more sensitive than a conventional Rb atomic
clocks
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Reference Signal cos(coat-G)

PSD Output Vpso = Vo[(B/2)cose + ( /2)sin&]

Ex~ertmental
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Pumped by Incoherent -
Lamp - VP so = Vo E(B/2) cos 0 + XC/2) s i n

(Exprimnt)x 25 Llnewidth Reduction ( 1/25)

Pumped by Coherent --p

(Experiment)I
x 3 Optimization of Modulation and PSD

paramneters

200-

N Increases In Laser Power Density
-150 ( x7)

(Increases in Y..' Is also counted)

12100-
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Squeezed State in Degenerate Parametric Amplification

Discussed by H. Takahasi in 1963

Koichi Shimoda

Department of Physics, Keio University

3-14-1 Hiyoshi, Kohokuku, Yokohama 223

*Professor Hidetosi Takahasi who died in 1985 had developed

a theory of quantum noise in 1963 by appropriately applying

the quantum mechanics to a general theory of communication

channels.

He discussed the quantum-mechanical coherent state of a

harmonic oscillator, and subsequently developed a quantum

theory of parametric amplifiers, in which the squeezed state

in degenerate parametric conversion was particularly emphasized.
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§1. Introduction

On January 14, 1963 Professor Hidetosi Takahasio who died

on June 30, 1985, gave a talk on "Semiclassical theory and

quantum theory of photon noise" at a colloquium in the Depart-

ment of Physics, University of Tokyo. He presented his con-

ception of the coherent photon state and discussed that the

"squeezed state" would be produced in parametric amplification.

These works were first published in August. 1963 in Japanese.1)

His paper in English entitled "Information Theory of Quantum-

Mechanical Channels" which included these considerations was

published in 1965.2)

It is the purpose of the present paper to reveal his early

consideration of the squeezed state in degenerate parametric

amplification. He developed the theory in a quite general

way so that it could be applied to either mechanicai, acoustic,

electric, microwave, or optical systems. In particular, the

Schr6dinger equation of a parametric oscillator was treated

with natural units. In the present paper, however, some of

his terminologies and notations have been replaced by more

familiar ones.

Although the full treatment in the present paper follow

those in ref.l) and 2), almost faithful quotations from ref2..)

will be accompanied by quotation marks.

§2. Quantum Noise in Linear Systems

Quantum noise is essentially different from classical noise.

-2- -217-
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Classical noise such as thermal noise is a definite physical

quantity that varies stochastically with time. Quantum noise,

on the other hand, is the result of uncertainties ,quantum-mecha-

nical measurements which depend how we observe what in quantum-

mechanical terms. Even without any classical noise in a system,

we still have a statistical relation between transmitted and

received signals, which arises from the intrisic nature of

quantum-mechanical observations.

We consider a linear system, either an attenuator or an

amplifier, with a black-box model. It is important to see

that we deal exclusively with transmission of dis.crete samples

of signals with angular frequency 0 rather than a continually

varying function of time.

A simple calssical relation between the input x and the

output y of a linear system is

y = kx (2.1)

where x and y represent the strength of oscillatin5 fields,

so that iX12 and lyi 2 give respectively the input and output

energies of the observed mode. However, the relation (2.1)

should be modified in order to take the effect of external

systems into consideration.

Consider an attenuator for which k < 1. Then the absorbed

power must be deposited to a heat reservoir, external space,

or elsewhere. Likewise many external systems are coupled to

the attenuator so that they may bring in noise. A number of

such external systems are represented in our black-box treat-

-3- -218-

-,t



ment as shown in Fig. 1, where a lossless channel (a beam

splitter, for example) is coupled with four external systems.

Here the classical input-output relations should be

Y = kx + k'x'

(2.2)
y'= -k'x + kx'

where the coefficients have been made real by adjusting the

time origins of x, x', y, and y'. The energy conservation

requests that

k2 + k'2  =I or k' I - k2 (2.3)

In quantum-mechanical measurements, x' includes zero-point

fluctuations even in the ground state of the lowest energy.

"If we further assume that x' and y' are co~ordinates of

harmonic oscillators having the same natural frequency, the

pair of coordinates (x, x') may be thought of as representing

a two-dimensional (isotropic) osciilator. Likewise (y, y')

may represent the coordinates of a two-dimensional oscillator.

We now see that actually these two two-dimensional oscillators

are identical and that (2.2) is a coordinate transformation

relating these two pairs of coordinates."

In quantum mechanics x. x', y, and y' are regarded as an-

nihilation operators, while their hermitian conjugates are

creation operators. They satisfy commutation relations:

[X, xt] 1. [x'[ x' t] = 1, [x'. x 1 ]  = 0

and similar commutation relations for y, and y'. These rela-

tions are inconsistent with (2.1) except when k 1, so that

we should use (2.2) and (2.3).

4 -219-



Now an amplifier is represented by assuming that k is larger

than 1. Thus k' must be imaginary from (2.3), since k 2 >1.

If we shift time origins for x and y by 7c/44,; and those of

x' and y' by -7/4-1W , the relations for an amplifier can be

written with real coefficients k and k' in the form

y = kx + k'x'
(2.4)

Y'= k'x + kx'

and

k 2  - k' 2  = 1 ,or k' = /k2 - 1 (2.5)

Quantum-mechanical interpretation for (2.4) requires tnat,

while x and y are annihilation operators, x' and y' are not

annihilation but creation operators. This situation is related

to the negative temperature in the laser and the effective

negative energy quanta in the amplifier.

§3. Wave Packet for a Parametric Oscillator

"The characteristic property of a degenerate parametric

amplifier is its phase-locking property. In other words, it

amplifies one vector component, say, the cosine component of

a sinusoidal input signal, while it attenuates the quadrature

(sine) component. This unique property of degenerate paramet-

ric amplification will be discussed from a quantum-mechanical

standpoint.

instead of employing the more customary approach using a

molecular model of the nonlinear optical system based on the

higher-order perturbation theory, we will take a simple classi-
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cal model of a harmonic oscillator having a time-varying force

constant and to try to solve the corresponding Schr5dinger

equation. While such a model seems to have little resembrance

"p to the multiple quantum transition scheme of parametric action,

the property of wave equations obtained for such a variable

parameter system would be an interesting problem in quantum

mechanicswhich can be solved rigorously."

The Schrddinger equation for a harmonic oscillator with an

effective mass m is expressed as

_ (3, 1)
-C = - - .- -A(3)

where K = m will be modulated in a parametric oscillator.

Equation (3.1) is known to have a solution which represents a

wave packet in the form

[ = exp(-ax 2 + bx + c) (3.2)

where a,b, and c are functions of time. We find

-W 2 exp[-2(Re a)x2 + 2(Re b)x+ 2(Re c)] (3.3)

so that the width of this Gaussian distribution is

6 x - (4Re a) -  (3.4)

and the position of the maximum probability is given by

Re b
x= (3.5)
m 2 Re a

Let us put (3.2) into the Schr~dinger equation (3.1). Then

we obtain

2iim(-_;X 2 
+ 8X + c") - 2(4a2 X 2 

- 4abx b - 2a) + mKx2 .
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Since both sides are polynomials of the second order in x, we

obtain a set of equations as follows:

2ifim i 4 612 a - mX (3.6)

2imb 4Kab (3.7)

2im5 = i(2a - b2) (3.8)

Now if we wr~te

a im (3. 9)
2K

we obtain

M (3.10)

which is exactly the classicaL equation of harmonic oscillation

when X is constant.

To obtain x., and J2x, we have to calculaLe Re a and Re b.

We find

4K
Re a -. Ea2 C. C. *-Re a)(Im a)(31

im M

from (3.6), and

--- C.C. c.C. -- ,I
(3. 12}

from (3.9). Equations (3.11) and (3.12) give

so thatRea 0

,R e a = C 1  (3. 13)

where C is a constant.
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Equation (3.7) is solved by using (3.9)

to give

b C 2 (3.14)

Here the integration constant C2 is related to the unit for

measuring the magnitude of .

Equation (3.5) is then written as

&>Oe% 2C

If we take 2C1 = C2 for convenience, the center of the oscil-

lating wave packet is given by

Xm Re (315)

Now a parametric oscillator can be represented by using

K(t) = m w 2 f1 + 2qcos2w t] (3.16)

where , is the natural frequency of oscillation for q - 0.

We will treat the simplest case of resonant excitation from t -

0 to t,, when &o - &-j and q <<I. The general solution of (3.10)

for q - 0, when t<0 or t., t, is written in the form

- A A 2 (3. 17)

We obtain

,A,A e ' t  Ai A, C L

- ~ ~ j ~ ~ k A c , A~ A - 3 .1 8 )
:A 1  Z. -A....A,

from (3.4) and (3.9).
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We see that harmonic oscillation of a wave packet with a

constant width corresponds to the case A2 = 0 and

A I e (3. 19)

so that the locus of becomes a circle.

"The form (3.17) obviously applies to the part t<0 as well

as to the part t >t If we use A 1 A2 to denote the coeffi-

cient values valid before amplification (i.e., t!5 0) and B , B2

to denote the values valid after amplification (tt), then

we must have a linear relation

B1  = AI  . l A
(3.20)

B 2 k2 1A I +

which completely describes the characteristics of the amplifi-

cation. Here we note that the relation 13.20) must give real

final values of 'z, if we give real initial values for , since

the differential equation has only real coefficients. Since

real values of - correspod to the conditions A - A and B = B

we put these in (3.20) and get the conditions

k k * k =k * (3.21)
22 11' 21 12

for the transformation coefficients.

By properly shifting the time origins in both input and

output independently, we can make the coefficients real and

positive, so that (3.20) may become

B 1 kA I + k'A 2

(3.22)
-- B2  k'Al I kA 2

B-224-
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Invariance of the Wronskian, B1i 2 B2 1
2 =A 1

2 - A2' 2

requires thatcondition

k2  - k'2  = I . (3.23)

The relation (3.22) can be thought of as acanonical form of

the input-output relation for a degenerate parametric amplifier.

It is not only gives the relation for the center of distribution

(mean value) but also gives the relation for the width (or

variance)."

Let us apply (3.22) to an input wave packet corresponding

to the coherent state of an optical signal as given by

I .( 3 .2 4 )

From (3.18) its width is

A x (3.25)

Then the output is given from (3.22) by

kAoe k'Ae (3.26)0 0

and the width of the output wave packet is calculated from
~(3. 18) to be

Ax ZI lx0 / k + k' 2 + 2kk'cos2'Jt (3.21)

This shows how the width varies with time. Since k' - i,

we find that

Zx "x k / - 1 1
max 0

ZJ Llx k - Vk- - - Zx o, ,Xmin 0 max

The center position of the wave packet is obtained from

-225-
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(3.15) to become

X.= I Icos 4> (3.28)

where is the phase angle of = 4l(e From (3.26) we

obtain

[%1= JA 0 Z(k2 + k'" + 2kk'cos2jt) (3.29)

The signal-to-noise ratio of the output is hence written in

the form

(S/N) m Aos 
(3.30)

Ax Ax 0

0 from (3.27, 28, and 29). Since 1Ao1 =lRe 1 is the amplitude

of the input signal and Ax the input noise, the S/N of the
0

output is equal to that of the input signal, provided that

the output is observed at an instant when ; becomes real ( .

= 0). It is V noted that the instant for the maximum value

of S/N does not in general coincide with the instant of maxi-

mum deviation (maximum of Re ).

"If we take a limit ,-0, we obtain a pulsating wave

packet whose center is at rest. In classical oscillators,

parametric excitation has no effect whatever if it is initially

at rest. In quantum-mechanical oscillators, on the contrary,

the wave function can make a natural pulsating oscillation at

0. a frequency twice the natural frequency of translatory oscil-

lation, and application of parametric excitation at the fre-

quency of this natural pulsating oscillation results in the

-226-
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building-up of the pulsation, quite independently of the exis-

tence of translatory oscillation. The pulsation of wave packet

may somehow be regarded as amplification of the zero-point

fluctuation.

If there is a translatory oscillation, this will also build

up (Fig. 2), and the ratio of the amplification of this trans-

latory oscillation is just equal to the amplification of zero-

point fluctuation if it has a proper phase, as we have shown.

If we use q and p0 instead of A1 and A2 , and q and p ins-

tead of BI and B1 , using the relations

qO AI + A 2 ' p0 = i. m(A 1  A2 )

(3.31)

q B1 + B2 , P i m(Bi - B2 ),

then (3 .2 2 ) are transformed to

q = (k + k')q 0  (3.32)

p = (k - k)o

Obviously, q and q have the meaning of the coordinates, and

p and p the velocities or momenta, at the specified insLant.

It would be appropriate at this point to make some remarks

from the standpoint of quantum-mechanical measurement.

In quantum mechanics, measurements of the cosine and sine

components of oscillation may be regarded as the measurement

of coordinate q and the momentum p, respectively. In fact a

harmonic oscillator is a system in which the roles of q and p

are constantly being interchanged, but we can define a measure-

-227-
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measurement.

Our results are in good accord with the uncertainty principle.

The input-output relations (3.22) satisfy

.q 6p = qo Zp O  (3.33)

since k2 - k'2 = 1. In the absense of input signal we have

-_ qo = _x0 and 'PO = .,m Lx O, where 6x is given by (3.25)

so that we can find

Aq Zip m(e Xo)2 0 f/2 (3.34)

which is exactly the uncertainty relation.

From what has been said, we may regard the degenerate para-

metric amplifier as a practical method of observing either q

or p with arbitrary accuracy. We have seen that, in the de-

generate parametric amplifier, the minimum noise just equals

the zero-point fluctuation multiplied by the amplification

factor, so that no deterioration of S/N ratio results. This is

in contrast to the case of an ordinary amplifier where noise

was /2k2 - I times the zero-point fluctuation, and for large

k we have a 3-dB deterioration of the S/N ratio, and it is

* . of some interest to study this point in some detail.

Apparently, this 3-dB difference may be regarded as a com-

pensation for the loss of information on the quadrature com-

ponent in the degenerate parametric amplifier. In order to

make the argument convincing we take the follwing model (Fig. 3).

We have two degenerate parametric amplifiers, the q-amplifier

and p-amplifier, which will be used for amplifying the two com-

j -228-
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ponents separately. The input signal coming into a waveguide

is divided using an ideal branch and is fed into these ampli-

fiers. Their outputs are again combined using another branch,

so that we have an output which would appear as if an output

of an ordinary amplifier. What would be the overall S/N ratio

of this whole system?

Let the input power S/N be a2 (with respect to quantum noise).

At the input of each amplifier, we would have an S/N ratio

of a2.'2, since the signal power is halved by the branching,

while the noise remains the same. Or we can say that noise V

power is also halved, but the same amount of noise power is

added that comes from the blind guide. The output branch would

also cause a minimum power loss of 3dB, but this is immaterial

for the S/N consideration since we now have a sufficiently

strong signal. Hence we see that over-all SiN ratio is 3dB

less than a single phase-locking amplifier, that is, just equal

to an ordinary amplifier."

§4. Conclusion

We have seen that the degenerate parametric oscillator allows

us to measure either the cosine component q or the sine com-

ponent p of a coherent wave with any accuracy within the limit

of the uncertainty relation -q .p =5/2.

-229-
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Furthermore, photon interpretation of parametric excitation

and the probability distribution of photon numbers in the case

of a degenerate parametric amplifier were discussed in detail

in ref. 1), pp. 284-291.

At the time when Professor Takahasi proposed in 1963 that

the quantum noise could be squeezed in degenerate parametric

oscillation, no optical parametric oscillation had been achieved.

Although the optical parametric oscillator was believed to be

realizable, the required driving power was believed to be too

high at that time to consider any application to low-noise

measurements.

References

1) H. Takahasi: Kagaku 33(1963)434-439. (in Japanese)

2) H. Takahasi: Advances in Communication Systems, vol. 1

(1965) pp. 227-310.
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Figure Captions

Fig.l Schematic diagram of an attenuator or a linear amplifier

Fig.2 Parametric amplification of a wave packet. Note that

S/N ratio is unchanged at the peak points.

Fig.3 Combination of two phase-locking amplifiers; equivalent

to an ordinary amplifier.
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Fig.1 Schematic diagram of an attenuator

or a linear amplifier
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Squeezed States of Liaht

H.J. Kimble, R.J. Brecha, L.A. Orozco, M.G. Raizen,
L.A. Wu, and M. Xiao

Department of Physics
University of Texas at Austin

Austin, Texas 78712

Summary

In our laboratory squeezed states of light have been generated in two distinct physical

systems. The first experiment investigates squeezing for two-level atoms coupled to the

intracavity field of a high quality optical resonator. For large coupling of the atoms to the cavity

field, there is a mode splitting in the eigenvalue structure of the system analogous to the

splitting found when two otherwise independent pendulums are coupled by a spring. We employ

the coupling-induced structure of the composite system to generate squeezing (1-3). The

second experiment involves the process of degenerate parametric down conversion in which a

photon of frequency 2(o is split into a correlated pair of photons at the subharmonic frequency o.

While we have observed noise reductions of greater than 60% relative to the vacuum-state

limit, a quantitative analysis of the various propagation and detection losses in the current

apparatus indicates that the field would in fact be squeezed more than ten-fold in the absence of

these losses. Quite recently we have made use of the squeezed light to demonstrate that precision
measurements can be made with a sensitivity greater than that given by the vacuum-state or

shot-noise limit.
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PULSED SQUEEZED LIGHT

Talk by R. E. Slusher
U.S./Japan Conference

7/22/87

Generation of interesting quantum states of light, including squeezed states and
number states, requires a large nonlinear interaction (or nonlinear phase shift
AONLi. At the same time. the length of the nonlinear generating medium must
be short enougb so that there is very small loss, of << I where ot is the linear
absorption constant and ( is the effective length of the nonlinear medium. A
puked pump field can be used in many nonlinear systems to obtain high peak
powvers and the nonlinear phase shifts -'ONL - 1 required for quantum light
*tates in media which are sufficiently short to obtain oc( << 1. There is also a
broader range of high-intensity laser pump sources available in a pulsed mode.
This talk describes an extension of standard generation and homodyne detection

0 experimental techniques to the pulsed case. An earlier paper referenced in N '-1
iescribed the theory upon v;hich these experiments are based. It is expected
that by using mode-locked pulse trains as the pump laser and a portion of the
p iulse train as the local oscillator for the homodyne detector that squeezing can
be observed which is comparable to the CV case but which corresponds to
g, neration by the peak laser pump intensity in the pulse train. No cavity is
required in cases where the peak pump intensity is sufficiently large. This
allows squeezing over very large bandwidths limited only by phase-matching
conditions in the nonlinear medium.

.A number of interesting quantum phenomena may be associated with pulsed
conditions including quantum noise on soliton pulses propagating in optical
fibers. free electron nonlinearities. pulsed communications or data processing
systems and short time scale measurements. An example of short time scale
measurements is interferometry where the shot noise limit will be a dominant
limitation at very short times (- ps or fs) when there are very few photons per
pulse.

Viewgraphs 3 through 6 describe the analysis of pulsed squeezing. As shown in
\'-6, the optimum noise reduction in the Gaussian pulse envelope
approximation is only slightly reduced from the CW case or the case when the

p local oscillator pulse length 'LO << rp the pump pulse length.

Vieugraphs 7 and 8 describe a pulsed LO homodyne detector which is working
at present. Limits due to amplifier and photodiode saturation restrict the
dynamic range of this detector. A balancing network between the photodiodes
and the amplifier reduces the amplifier saturation problem.
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Experiments in progress are described in VU 9-12. GA\W'BS noise in the glass
fiber experiment is still a problem in the pulse case, since this extra phase
modulation noise scales with the peak pump power. A parametric down-
conversion experiment using KTP will probably allow a "demonstration of pulsed

The talk concludes with a short discussion of pulsed measurement of

interference in phase space (VU 13) and a summary. A paper on this topic is in
preparation and will be available this fall.
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I. Why Pulsed?
11. Generation of Pulsed Squeezed Light

Ill. Homodyne Detection

IV. Experiments z
A. Detector

B. Glas Fiber

C. Bananas
D. KTP

Collaborators: Experiment - Philippe Grangler
Arthur LaPorta

Theory - Bernard Yurke
Mary Potasek
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1. Broader Spectral & Materials Range

Accessible for Squeezed Light

II. Homnodyne Detctlon Works

S III. No Cavity---* Broadband Squeezing

JJIFIV. Applications

A. Quantumn Noise on Solitons

I B. Relativistic Electron Squeezing

C. Pulsed Atomic Excitation

* . D. Pulse Trains In Data Storage or Communications

E. Short Tirme Scale Precision Me*retn

C

-252



Quantum Nondemolition Detection and Squeezing in Optical Fibers

M.D. Levenson, R.M. Shelby, and S.H. Perlmutter

IBM Almaden Research Center
650 Harry Road

San Jose, CA 95120

The nonlinear optical interactions in an optical fiber permit the amplitude
of one wave to be inferred from the phase of a coupled wave, and the partial
suppression of quantum noise.

Conventional light detectors must destroy the quantum state of the electro-
magnetic field in order to measure its amplitude. They are Quantum Demolition
detectors. The nonlinear index of refraction of an optical fiber permits one to infer
the amplitude of one wave by measuring the light induced phase shift of a
nonlinearly coupled wave. This process has been termed Quantum Nondemolition
Detection or Back Action Evading Measurement. The amplitude of the first wave
is unchanged by the interaction. That amplitude is the QND variable; the phase of
the second wave is the QND readout. The uncertainty which quantum mechanics
requires to be added to a system being measured appears in the phase of the first
beam, not its amplitude, thus the back action is evaded.

We have demonstrated this effect by correlating the QND readout with a
subsequent QDD measurement of the QND variable (I). We have demonstrated
back action evasion by showing that the QND variable at the output of the detector
has no greater noise than at the input - which was at the vacuum noise level.

When the correlated noise on two coupled laser beams is made to subtract
coherently, the net noise level can be below the vacuum noise level. This effect has
been termed "four-mode squeezing" since the fluctuations involve two sidebands of
each of two strong pump waves (2). The noise on each beam can separately be above
the vacuum noise level, but strong four mode correlations can lower the sum of the
noise at two detectors to a value below the vacuum. Indeed. the correlations can
be so strong that the noise on the two detectors can be less than that on one of them
(3).

It is necessary to cool the optical fiber to 2K to suppress phase noise caused
by light scattering in the optical fiber. The stimulated Brillouin effect must be
suppressed by phase modulating the light to broaden the spectrum. The modulation
frequency must be exactly equal to the mode spacing of the Fabry Perot
interferometer needed to phase shift the carrier wave. Other experimental
innovations are necessary to accurately measure the vacuum level and to maximize
the effective quantum efficiency.
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The same nonlinear interactions in an optical fiber give rise to conventional two-
mode squeezing (4). The fluctuations in the amplitude of the beam cause correlated
phase fluctuations of that beam. The nonlinear index of refraction cannot alter the
amplitude of a wave. The correct superposition of amplitude and phase quadraturcs
has been shown to have a noise level 12.5% below the vacuum level.

Squeezed light has the property that the ratio of noise to intensity rises as the
light is attenuated (5). The squeezed light generated in an optical fiber is not a
minimum uncertainty state as light scattering adds phase noise.

References:
I . M.D. Levenson, R.M. Shelby, M. Reid, and D.F. Walls, Quantum

Nondemolition Detection of Optical Quadrature Amplitudes, Phys. Rev.
Lett. 57, 2473 (1986).

2. B.L. Schumaker, S.H. Perlmutter, R.M. Shelby and M.D. Levenson,
Four-Mode Squeezing, Phys. Rev. Lett 58, 357 (1987).

3. M.D. Levenson and R.M. Shelby, Four-Mode Squeezing and Applications,
Optica Acta (to be published).

4. R.M. Shelby, M.D. Levenson, S.H. Perlmutter, R.G. DeVoe, and D.F.
Walls, Broad-Band Parametric Deamplification of Quantum Noise in an
Optical Fiber, Phys. Rev. Lett 57, 691 (1986).

5. G.J. Milburn, M.D. Levenson, R.M. Shelby, and D.F. Walls, On Optical
Media for Squeezed State Generation, J. Opt. Soc. Am (to be published).
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Conventional light detectors measure the amplitude of a light beam by

absorbing photons and thus destroying the quantum state. They are
QUANTUM DEMOLITION devices.

Quantum Demolition Detector (QDD)

)ZVVA e Light Absorbed

Quantum Nondemolition Detectors (QND)

IEI I JE I !E

No Absorption. Phase becomes more

uncertain after each measurement.

4
Quantum Nondemolition Measurement System

JEJ

A QND measurement system would allow small amplitude changes due to

a sample to be determined by comparing before and after amplitudes.
Such measurements can be more acciirte,0tf the shot noise limit.
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6 Sinusoidal Power Level shows interference between DX and DY signals.

6

2.6

:D 2.2 - QND Correlated signals

~1.8(b

0 Independent signals

Cc'1.4 (c) 0 XX
xxxxx vxx xxxxx Xx XXX Xx XXX-,e X

Ex with QND signal

10 Ex Alone SQ D)(d)

54 55 56 57
Frequency (M Hz)

Noise below the sum of independent noises at two detectors shows quantum
correlations in the QND signal.

Difference betw~een traces (b) and (d) is the standard quantum limit noise
level on detector DY.-2-



7 Minima Of sinusoid is I dB below sum of vacuum noise levels on two
detectors.

1.7 THIS IS FOUR MODE SQUFEZIN
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1.31 00
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The same nonlinearity can gi~v rise to a squeez.ed state of light. The am-10 plitude fluctuations of the beam cause correlated fluctuations of the phase
of that i~ave. The amplitude fluctuations are unaffected. The uncertainty
circle characteristic of a coherent state is converted to the ellipse of a
squezed state. Phase shifting the average amplitude permits the creation
of a strong beam with suppressed amplitude or phase nloise.

(a) Coherent State

(b) I

Fiber Output

*J p

E2

(C)
Squeezed Phase

Squeezed Amplitude
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The noise level depends upon phase and falls 12.5% below the vacuum
noise level or SQL. This heani is not a minimum uncertainty state because
of excess phase noise added by light scattering in the fiber - even at 2K.

When the squeezed beam is attenuated, the noise level rises towards the
noise level characteristic of coherent light.

Effect of Attenuation on Squeezed Light
1.02

.0incandescent Light 0
o 0.98
Z -
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Optical Properties of Quantum Well Structures with Electric Field

: Life Time Free Switching of Luminescence Intensity

and Virtual Charge-Induced Ultrafast Optical Nonlinearity

Masamichi Yamanishi

Department of Physical Electronics,

Hiroshima University

Saijocho, Higashi-Hiroshima, 724 Japan

New modulation schemes for luminescence intensity and for

attaining an ultrafast optical nonlinearity are discussed,

pointing out possibilities of field controlled light emitters and

of ultrafast control of quantum states.

(a) Dynamics of field control of luminescence intensities in

GaAs/AlGaAs quantum well structures.

High speed photoluminescence (PL) switching by electric

field-induced carrier separation inside the Quantum Well (QW),

combined with carrier escaping out from the well to the barrier

layer is demonstrated to be free from carrier life time limita-

tion. A new technique for evaluating radiative life time is

also shown.

Figure 1 shows the PL response for a short pulsed voltage

applied to a p-i-n diode with a GaAs(100A)/AIAs(300A) multi-QW

1 -268-



structure. The 300psec delay of PL from the pulsed voltage was

observed to be much shorter than the life time (30nsec).

However, for a consecutive input pulse train, the PL response

was degraded with the increasing number of the input pulses as

shown in Fig.2(a) as long as the radiative recombination domi-

nates over nonradiative processes under the condition of a

constant generation rate. In order to solve this problem, we

examined a modulation scheme in which a field-induced increase in

radiative life time is combined with a field-induced decrease in

nonradiative life time due to the carrier leakage at a high

field. One of the examples of such a modulation is shown in

Fig.2(b), indicating a significant improvement of the PL

responses for the consecutive pulses. Figure 3 shows overall

life time and radiative life time of the carriers obtained with

the transient response of PL for pulsed electric field, as

functions of the applied field. The new technique will be, in

more detail, discussed at the presentation.

The obtained result can convince us of the realization of

the proposed light emitter.
1 )

b) Ultrafast optical nonlinearity by virtual charge polarization

in DC biased quantum well structures

A new concept on field-induced optical nonlinearity due to

virtual transitions in QW structures 2 ) will be proposed, showing

some examples of theoretical result on the nonlinearity. In a QW

structure subjected to DC electric field E0 , negative and posi-

22
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tive electric charges of which spatial profile are given by wave

function at the subbands (le, 2e,'", and lhh, 2hh,'", I~h,

2th,"') induced by the virtual transitions due to an intense

pump light with a photon energy Tiwp far below the band gap may

produce a screeciing field Es, cancelling out, to some extent, the

external bias field E0 (see Fig.4). As a result, one may expect

a blue shift of the energy gap and changes in oscillator

strengths for a weak signal light with a photon energy ?Iw s . The

switching times of the nonlinearity should be very short, %100

femtosec., both for the ON- and OFF-processes because the

electric charges are induced by the virtual processes and the

field cancellation results from the internal charges inside the

QWs. In other words, the switching characteristic is free from

life time limitation, in a contrast with those due to real exci-

tation processes, and from C'R-time constant limitation.

As a consequence of numerical estimations, the following

result is obtained for a Ga1 _xAlxAs graded gap (x=0 - 0.3,

Lz=200A) QW structure. An increase in the le-lhh transition

oscillator strength, 1.5%, and a blue shift of band gap, 0.05meV

are expected for a pump power density of 107W/cm 2 with a photon

energy, 50meV below the energy gap and for an electric field E0

of 9x1O 4 V/cm. Effective four-wave-mixing X(3 ) parameter was

estimated to be 1x10-9[esu] for the graded gap QW biased by the

0.. DC field, 90KV/cm and for the detuning energy, 35meV. The varia-

tion in the oscillator strength is significantly larger than that

(bleaching) due to conventional phase space filling mechanism.

The amount of blue shift is comparable to that due to dressed

3_-/ -

~3

.. le......... .. -.............-............... ..... .. , -. l . ,*' .,.



exciton mechanism.3) The field-induced optical nonlinearity

seems to be observable and quite useful for designing an ultra-

fast optical gate.
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Table 1 Estimated nonlinear refraction coefficienL.P2 and

effective degenerate four-wave X()S The FGQW and GGQW were

assumed to be biased by electric fields of 20KV/cm and 90KV/cm,

respectively. The X3sare the values for MOW samples with

equal well and barrier thickness.

n= n1.t+-nup

OW Detuning energy n 3

(L. V l~pOlelhh C m2/W Iesu

FGQW -50 meV 8 x 10-1 4  3.2 x 10-11

GGQW -50 meV 4.8 x 10-13 1.9 x100

-35 meV 2.6 x 10-12 1.0 x 10-9

cf. QW (L.zW/ooA) AAp x*i4!er. Eou- loK ev~t

X"'~7xiO"tesui S7 PS4 ~fd a

10 O ' [ew CiS-e Kerreld
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iunt Wells

Intefaces and the Magqnetic Polaron Problem

Exctonic Molecules in ZnSe Quantum Wells

. Dynamics of Nonequilibrium Carriers

* Magnetic Properties in Lower Dimensions ,urevL4¢4 PmvUe_
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E.Ikxtaff3t Question in Wide-Gap Il-VI Heterostructij'es,

*sparse experimental information to date 4- l"V

eauly indicators that A E vis small fair Cdl~e/(Cd,Mn)Te
(also for CdTe/ZnTe)

exciton effects strong e.g. fair CdTe. ZriSe. ZI~ etc.

exploit the marnetic 'tunablity in, a DMS qu.antum well
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'Giant' Zeeman Effect: Bandoffset and Exciton Effects
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Summary: CdTe/(Cd,Mn)Te MQW

Excitaio spectroscopy in external magnetic fields at exciton

traniicrs of the QW and barrier layers: 'tuning' of offsets

* Theory to account for the strong Cmimb effects in the case of
a 2D-electron and a quasi 3D-ItLe

Determ 1(=tcn af cmiictk to va ice band offset of 14:1 for a
par-'ft dmr QW; when corrected for strain, the valence band offset
is zero wiffli 10 meV for the heavy hole

Wt cJ.e. .L.C
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E~citonic Molecules in ZnSe Quantum WelsH

*well established in bulk (e.g. O4 +
*quasi-21D enhancement for (i.d~tr iifg n
(ii) mnolecular bindjag energy"*-

* Il-VI vs. 1ll-V heterobiu~ftw~
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Summarv

evide., for excitonic molecule in Zn$e/(ZnMn)Se quantum
well's from luminescence, nonlinear absorption, polarization
sietection rules, and temperature dependence.

scaling of EBx with well thickness roughly as predicted

surprisingly stable molecular state E3 0 ( ) -i2n..%.V

dmioscopic details not yet known -p Iq _r'f -
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Enhanced Excitonic Optical Nonlinearity and Exciton Dynamics in

Semiconductor Microstructures

T. Takagahara

NTT Electrical Communications Laboratories, Musashino-shi,

Tokyo 180, Japan

The mechanisms of enhanced excitonic optical nonlinearity in semiconductor

microstructures are clarified to be the easily attainable state filling of

discretized levels due to the quantum size effect and the enhanced oscillator

strength. The calculated third-order nonlinear susceptibility explains

successfully the recent experimental results. A comprehensive interpretation of

the exciton dynamics in semiconductor microcrystallites is presented to explain

the fast and slow decay components in phase conjugation and luminescence

measurements.

Recently the excitonic states In semiconductor microstructures have

attracted much attention due to the enhanced excitonic optical nonlinearity and

fast response time [1-7] . In semiconductor microstructures of lover

dimensionality, the energy levels of carriers are discretized due to the quantum

size effect. The oscillator strength becomes concentrated on the sharp

transitions of the lover energy and the mechanism of excitonic optical

nonlinearity Is simply the state filling of these sharp excitonic transitions in

contrast to the band filling of continuum states In the bulk material. As a

consequence, the excitonic optical nonlinearity is enhanced while the saturation

power is reduced, relative to the bulk semiconductor. The response time of the

optical nonlinearity is determined by the build-up time and recombination

lifetime of photo-generated carriers. The dynamics of photo-generated carriers

In semiconductor-doped glasses have been studied extensively by the transient u

grating method [1,3-7] and photo-luminescence [3-5,8,9] . Some controversies
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exist about the origins of the fast and slow components of the electron-hole

recombination [1,3-9]

First of all, the excitonic states in semiconductor quantum dots are
'Vp

discussed. The energy of the excitonic state measured from the bulk band gap

energy consists of the kinetic energy of the electron and hole(Ek), the Coulomb

energy between them(Ec) and the surface polarization energy(Es) [10] • These

are sh,,n In Fig.1 as a function of the quantum dot radius normalized by the

exciton Bohr radius aB in bulk crystals. The exciton binding energy In a

semiconductor quantum dot is obtained from the energy difference between the

exciton state and a free electron-hole pair state. Figure 2 shows the

dependence of the exciton binding energy on the normalized quantum dot radius.

It is important to note that the rather small exciton binding energy implies the

Ionization of excitonic states at room temperature. In fact, for

semiconductor(CdS) quantum dots with radii in the range shown in Fig.2, the

excitonic state may be ionized to the free electron-hole pair state at room

temperature.

The radiative recombination lifetime T R of excitons in a quantum dot can

be estimated from the oscillator strength of the excitonic transition (11] .

For a free electron-hole pair in a semiconductor(CdS) quantum dot, the

oscillator strength fo is estimated to be 8.14 using the relevant parameters

(12J and the corresponding radiative lifetime T R is 440 ps. These values are

Independent of quantum dot size. When the excitonic effect, namely the6
electron-hole correlation, is included, the oscillator strength f is enhanced

since it is proportional to the probability of finding an electron and a hole at

the same position. This enhancement factor and the corresponding radiative

recombination lifetime are given in Fig.3 as a function of the normalized radius

of the quantum dot. For a I00 radius CdS quantum dot, the radiative

recombination time Is estimated to be 20 ps. This value is of the same order as

the so-far-reported time constants of the fast decay component In transient

grating measurements (3-7]
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The excitonic optical nonlinearity in semiconductor quantum dots can be

enhanced due to the large oscillator strength of the exciton and the energy

level discretization which leads to an easily attainable state filling. The

calculated frequency dispersions of the linear susceptibility x (1) and the

third-order nonlinear susceptibility X(3) for the degenerate case, i.e.,

(4 1=w2 , are shown In Fig.4. The out-of-phase behavior between X
(3 ) and x(l)

for both real and imaginary parts explains the experimental results [2] very

well. The absolute value of X(3) for CdS quantum dots is estimated to be about

3.8x!0 "8 esu for a number density N of 1014 cm"3 and for the Lifshitz-Slezov

[13] distribution of quantum dot radius with an average of lOOA. This value

Is also in good agreement with the experimental value at room temperature [I] .

In this calculation, the oscillator strength of the free electron-hole pair is

employed in consideration of the aforementioned possibility that the excitonic

state is ionized at room temperature. At low temperatures, the excitonic state

is stable and its large oscillator strength Is available to enhance the optical

nonlinearity. In fact the excitonic optical nonlinearity at low temperatures Is

calculated to be as large as 10-4 esu.

Our comprehensive interpretation of the controversial exciton dynamics in

semiconductor quantum dots is presented with respect to the exposure time

dependence of the decay characteristics (5,7] and the darkening of the glass

(5) • The slow decay component can be attributed to the radiative

recombination of an electron and a hole trapped by a donor-acceptor pair, whose

rate is dependent on the distance between the donor and the acceptor and which

gives rise to a broad luminescence spectrum. This assignment is corroborated by

the recent measurement of the donor-acceptor pair recombination rate in bulk CdS

[14) . In the course of this recombination process, the emitted phonons Induce

some kind of structural change around the donor-acceptor pair and efficient non-

radiative recombination centers will be formed. The temperature rise due to

laser irradiation regarded as uniform in semiconductor microcrystallites Is

estimated to be rather small. This suggests the importance of local phonon
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modes In inducing the structural change. After repeated exposure to laser

irradiation, these non-radiative recombination centers are accumulated and the

photo-generated carriers lose their energy via these centers. Thus the

radiative recombination via a donor-acceptor pair becomes quenched leading to

the disappearance of the broad luminescence spectrum [5] and also of the slow

decay component In the transient grating measurements (5,7] . This accumulated

N structural change may be a cause of the permanent holographic grating and the

darkening of the glass. This kind of photo-induced structural change is seen

extensively In amorphous materials, such as a-SI (15] , chalcogenide glasses

(16] and Eu-doped glasses [17] . On the other hand, the fast decay component

can be considered as arising from the radiative recombination of free excitons

as calculated above. This interpretation Is consistent with the experimental

result [5] that the narrow luminescence line attributed to the excltonic

recombination shows a very rapid decay. However, we have to keep in mind the

possibility that the fast decay component arises from the nonradiative

recombination of an electron-hole pair via defect states or surface states.

Thus it is crucial to examine the size dependence of the decay time constant in

identifying the origin of the fast decay component.
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FREE CARRIER NONLINEAR OPTICS

P. A. WOLFF

Francis Bitter National Magnet Laboratory
MIT, Cambridge, MA 02139

Free carriers in semiconductors cause optical nonlinearity
in two ways. In some cases it arises from the inherent non-
linearity of electron dynamics in crystals; in others it is
caused by scattering. Such processes are interesting because
they can be used to study carrier dynamics and kinetics in semi-
conductors. In particular, the large frequency dispersion of
these nonlinearities determines carrier relaxation times. These
times, which are generally in the picosecond range, also charac-
terize the speed of the nonlinearity.

Until lately, all known free-carrier-induced optical non-
linearities were weak. We have recently investigated two
crystals, HgTe and HgCdSe:Fe, in which large, fast, free-
carrier-induced X(3 )'s may be attainable. These materials
will be used as examples to illustrate the mechanisms and features
of free-carrier-induced optical nonlinearity.

Large, room temperature, third order nonlinear optic sus-
ceptibilities are observed in HgTe and HgMnTe at 10.64. These
materials have the largest known third order optical non-
linearities with response times in the picosecond range. In
HgTe, X( 3 ) = 1.6 x 10- 4 esu at 300K; this value is twenty
times the previous record.

The nonlinear susceptibilities were measured by four wave
mixing experiments performed with a pair of Q-switched CO2 lasers.
The nonlinear signal varied as P3 % PIP 2 to the highest
laser intensities, P1 = P2 = 

500kW/cm2, used in these experiments.
The absence of saturation is striking. We attribute the optical
nonlinearity to interband population modulation between the
heavy mass r8 valence band and the light mass r8 conduction
band. A plasma density modulation exceeding 100 7 electron-hole
pairs/cc is required to produce the observed effect. Calculations
suggest that this oscillating plasma could also radiate
efficiently in the far infrared.

The figure of merit, X(3 )/iT, for HgTe is comparable
to that of other semiconductors. However, the product X(3)Psat
for HgTe far exceeds that of other semiconductors. Further
enhancement of the HgTe nonlineary is anticipated with appropriate
doping or alloying.
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We have observed a novel free carrier nonlinear optical
effect due to scattering by the resonant Fe2 +(3d 6 ) donor states
in HgCdSe:Fe. The effect is only seen if the Fe states are
located inside the conduction band. For a HgCdSe sample with
energy bandgap of 303 meV and free electron concentration of
1.7 x 1018 cm- 3 at 80K, a third order optical susceptibility
of 1 x 10-6 esu was measured by four wave mixing experiments
with CO2 lasers. This value is twenty times larger than that
induced by the energy band nonparabolicity, and can be explained
by a theory taking into account the strong energy dependence
of the scattering rate due to the presence of the resonant
scattering level. The theory assumes that the pump lasers
modulate the electronic temperature via free carrier absorption,
which in turn modulates the dielectric constant through the
energy dependent scattering mechanism, leading to large optical
nonlinearity. The nonlinear optical effect can be further
increased if the resonant scattering level is located closer
to the Fermi energy. The theory can also be used to infer the
Fe level width from the optical data; in our sample d = 20 meV.

-
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Berry's Phase in Fiber Optics

(A talk by R. Y. Chiao at the U. S. - Japan Seminar on Quantum Mechanical Aspects of Quantum
Electronics at Monterey, July 21-24, 1987)

Abstract: Berry discovered in quantum mechanics a topological phase factor similar to the
Aharonov-Bohm phase factor. This phase is acquired by a system when it is adiabatically transported
around a closed circuit in the parameter space of the Hamiltonian. Several experiments have now
confirmed the existence of this phase. I shall report on an optical experiment which observed a
manifestation of Berry's phase as a topological optical activity in a helical optical fiber. The
wavelength-independence of this new optical activity has also been verified. Recently, this phase has
been generalized to nonadiabatic evolutions by Aharonov and Anandan. I shall report on another
optical experiment to observe this nonadiabatic phase. Possible applications, e.g., to gyroscopes, will
be discussed.
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IQEC '87 page 3

Ordinary Optical Activity:

A = -f[(+- -)L/X

Topological Optical Activity:

x> ( I+> + I-)V

fx/> =(eifl I+> + e'zl-)V

zj _CQ is Berry's phase for +

Kx 0 ' = costr

Ix <XX> 12 = cos%' is Malus's law

There fore, ® 8 Q
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IQEC '87 page 4

The sign of effect is determined

by interference with ordinary optical

activity.

Answer: a left-handed helix is

dextrorotatory.

Comparing

E = t(n+ - n )L/X

and

we see that the topological optical

activity is wavelength independent.
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HIGH DENSITY FEMTOSECOND EXCITATION OF NONTHERMAL CARRIER
DISTRIBUTIONS IN INTRINSIC AND MODULATION DOPED GaAs QUANTUM WELLS P;

Wayne H. Knox, Daniel S. Chernla and Gabriela Livescu
AT&T Bell Laboratories

Holmdel, NJ. 07733

We investigate the dynamics of non-thermal carier distributions in undoped and modulation
doped GaAs Quantum Well Structures (la er thickness "100 A) with near bandgap-resonanrt
intense femtosecond light pulses. We are able to study selectively the carrier-carier scattering
process up to very high densities and we carry out the first optical investigation of non-thermal
carrier generation in the presence of a thermalized Fermi-sea of electrons. In undoped quantum
wells we find a reduction of the thermalizavion time from about 100 fs to about 3Ofs as the
photocarrier density increases from Nj, =--x 10'0 cm 2 to = 1012 cm 2. The thermalization
time is found to be sensitive to background doping with excess electrons in modulation doped
samples.

4,

Following absorption of light by a semiconductor, electrons and holes are placed into states of
energy which are defined by the power spectrum of the exciting light and the band structure
of the material. The very first relaxation process which the electrons and holes undergo is a
scattering interaction, mediated by the Coulomb force between the particles. This process is
only one of the many elementary interact'ons which may occur in semiconductors such as
phonon absorption and emission, intervalley scattering, plasmon emission and radiative
recombination.

We have designed experiments in which the carrier-carrier scattering process can be
effectively isolated and studied under diverse conditions in order to learn more about this
basic interaction mechanism which has been to date elusive by virtue of both its short time
constants (10-100 fs) and its admixture with other processes. In particular, it is interesting to
consider the separate roles of electron-electron scattering, electron-hole scattering and hole-
hole scattering and to understand their various contributions in optical experiments. Of
course, optical experiments in intrinsic semiconductors give little information about the
distinction of these effects since equal numbers of electrons and holes are simultaneously
created. We have begun investigations in modulation-doped samples which are designed to
help us understand more clearly the effects of the electron and hole relaxations in the
presence of both excess electrons and excess holes.

The first evidence of rapid thermalization of carriers in GaAs with high excess energy
excitation was obtained by Tang and Erskine (1983) in single-wavelength experiments with
femtosecond optical pulses at 625 rm. Oudar and coworkers (1985) later studied spectral
hole burning in bulk GaAs with 500 fs pu&s near the bandgap. Knox and coworkers (1986)
then reported experiments in GaAs Multiple Quantum Well Structures (MQWS) wherein
pulses of 80 fs duration near the bandgap were used to
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probe the dynamics of thermalization of an initially non-thermal distribution. In this
experiment, the excitation pulsewidth was less than the thermalization time, so the
actual thermaization process was spectrally and temporally resolved. Excitation at
1.50 eV insured that the electrons and holes were excited only in the gamma valley
and had insufficient energy to emit optical phonons. Under these conditions, carrier-
carrier scattering is the dominant operable relaxation mechanism. The maximum
excitation density in this experiment was about N,, = 2x10' ° cm "2 , limited by optical
pulse energy due to the weak infrared continuum which is available from a system
which operates in the visible spectral range, since the continuum intensity decays
exponentially with energy on both sides of the center wavelength. In the present 'I

experiments, we use a new laser system which has recently been developed which
makes available for the first time intense femtosecond continuum pulses with a center
wavelength in the near infrared at 805 nm at 6 kilohertz repetition rate (Knox 1987).
This system now allows us to continue the study of non-thermal distributions to much
higher densities than previously possible. In fact, we have been able to achieve carrier
densities near the maximum theoretical carrier density, beyond which the sample has
no optical absorption at the pump wavelength. The laser system has been discussed in
detail (Knox 1987), and only the essential features will be mentioned here. Optical
pulses of 100 fs duration are generated at 805 nm wavelength in a two-jet
synchronously pumped dispersion-compensated dye laser and amplified to 1
microjoule energies at 6 kilohertz repetition rate in a six-pass jet amplifier (Knox and
colleagues 1984). These pulses are focused into a 1 mm jet of ethylene glycol and
generate a white continuum pulse which is centered at 805 rim. The continuum
distribution on the infrared side 810-900 nm is used for the present set of
measurements. A probe continuum is split off with a 4% reflection and the rest of the
continuum beam is used as a continuously tunable intense pump pulse. An
interference filter at 825 rnm (1.50 eV) is selected for the pump pulse filter. The probe
pulse passes through a 0.1 pm resolution stepper motor for time delay adjustments,
and is focused to a 20 pm diameter spot on the sample. The pump beam is focused to
a diameter of 55 pum at the same point on the sample. The sample and interference
filter are the same ones which were used in our previous bole-burning experiment
(Knox and coworkers 1986). The system time response as determined by replacing
the sample with a 1 mm I3Os crystal is 150 fs FWHM, corresponding to 100 fs
continuum and selected continuum pulsewidths.

It has been shown experimentally (Knox and coworkers 1986) and theoretically
(Schmitt-Rink, Chemla and Miller 1985) that in MOWS the effects of the Pauli
exclusion principle (phase-space filling and exchange) are much more efficient than
the direct screening of the Coulomb interaction in bleaching the excitonic as well as
the continuum absorption. Consequently when an electron bole (e-b) plasma is
photogenerated in the continuum above the exciton resonances of the n, = I subband
transition, it produces first a spectral-bole in the absorption spectrun. that reproduces
the electron, n,(k), and hole, nh(k), distributions. In the leading order in the
perturbation the absorption coefficient in the continuum can be written;
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= [1-n,(k)-nh(k)] a 01  (1)

In addition the carriers can induce a strong bleaching of the excitonic resonances by
occupying states that form the basis for the exciton wavefunction in k-space which
describes the correlated e-h pair relative motion O(k). These states are located within
one exciton binding energy ( E = 10me1) of the bottom of the band (Schmitt-Rink,
Chernla and Miller 1985). Therefore, measurement of the evolution of the changes in
absorption both at the energy where the photocarriers are generated and at the
exciton resonance yields two internal probes of the dynamics of the carriers. The line
shape and the evolution of the spectral-hole gives information about the scattering of
the carriers out of the state in which they were generated. The evolution of the exciton
peak gives information or% the time they take to reach the bottom of the band and the
internal details of the relative importance of Pauli exclusion, screening and exchange
contributions (Schmitt-Rink, Chemla and Miller 1985).

We discuss first high density excitations in undoped quantum wells. Fig. (1) shows the
absorption spectrum of an undoped sample before excitation and at a time delay
which corresponds to the best time overlap of the pump and probe pulses (which we
refer to as the "t = 0" point) and at a delay A t = 132 fs. The excitation distri'bution as
determined by the pump beam interference filter is also shown. A deep spectral hole
burning is observed, where the absorption dips nearly to zero. Also shown in Fig. 1 is
the approximate absorption saturation which was obtained in the previous experiment
at about 21lOcm'2 carrier density, for comparison. At high densities, we find that
this distribution is well-centered at the pump energy, and very rapidly relaxes. This is
shown in Fig. (2) where a set of differential spectra at various delays between A t = -
270 fs and + 270 fs are presented. They show very clearly the effect of the

photocarriers on the continuum and excitonic absorption as they are generated and
during their thermalization. It is difficult to determine accurately the carrier density in
these type of experiments, and particularly so at high densities, since the absorption of
the pump pulse is both weak and time-varying over a significant range during the
excitation pulse. We estimate that in the case of Fig. (2): N, -= 10 2cm 2 within a 50%
accuracy.

* In order to determine the dynamics of the thermalization, we show in Fig. (3) the
value of the absorption bleaching at the peak of the spectral hole and at the n, =1
heavy hole (hh) exciton. Two excitation intensities are shown: Fig. (3a)
N,h=2x10" cm "-, Fig. (3b) N,=lx1O 2cm 2 . The insets show the spectral shape of
the pump and non-thermal signals at t = 0 for the respective cases.

It is clear from this study that the relaxation of the non-thermal peak becomes faster
at higher densities. The time courses in Fig. 3 indicate this point in several ways. The
recovery of the absorption at the hole is time resolved for the medium excitation case
of Fig. 3a, as indicated by the asymmetry in the time course compared to the
measured system time response. For this case, the measured hole burning signal has
about the same magnitude as the excitonic differential signal. For the high density
case, the time asymmetry disappears, indicating that the thermalization time is
significantly less than the system response, and the height of the measured hole-
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burning decreases relative to the excitonic differential signal Two processes are
responsible for this behavior. First, we determine that the thermalization time is
density-dependent. Second, the excitonic differential signal saturates at a lower carrier
density than the non-thermal distribution signal. Figure 1 shows that the exciton
absorption is completely bleached at the high density, and it is replaced by
renormalized continuum absorption. Therefore, we explain these results as follows: at
low densities, thermalization times are longer than the system response, but since the
density is much below the saturation density, the excitonic signal is about 10 times
larger than the hole signal (Knox and coworkers 1986). At these new higher densities,
the resulting hole burning signal increases with density until the thermalization time
becomes comparable to the system time response, beyond which point it decreases.
Dynamically, the bleaching at the exciton peak increases steadily and reaches its
maximum value in a shorter time as the excitation density is increased. This shows that
the carriers fill up the bottom of the band more rapidly at high densities. We note
that the width of the spectral hole also increases as the carrier density is increased, as
can be seen in the insets of Fig. 3. This result is related to the strong saturation of the
n = 1 continuum. In Fig. 1 it is clearly seen that a density-dependent broadening is
expected since there is less absorption near the peak of the pump spectrum than there
is at the wings.

A complete analysis of these results is extremely complicated, even in our case
with only carrier-carrier scattering in the r valley with no significant phonon emission.
To our knowledge, two groups have performed Monte-Carlo simulations of our
experiment in the low density limit: Goodnick and Lugli (1987) and Bailey and
coworkers (1987), an approach which requires heavy numerical computations but
allows for the inclusion of a number of important effects. We have developed a simple
model for the thermalization of the photocarriers, involving a single relaxation time r,-

in which we assume that no energy is exchanged with the lattice in the time scale of
the experiment, and there is no loss of carriers to intervalley scattering or
recombination. The absorption saturation is obtained according to Eq.(1) and we
assume a local equilibrium relaxation toward the Fermi distzibution corresponding to
the instantaneous number of carriers present in the sample. This simple model thus
incorporates the major ingredients of the experiment and summarizes the results in a
single parameter Tr,. This model will be discussed in more detail elsewhere. We find
that the measured spectral-bole and exciton bleaching evolution of Fig. (3) are nicely
reproduced by r,= 60fs and 30fs respectively. Similar consideration of the data of
Knox and coworkers (1986) yields r,= f100. Thus when NA increases by at least a
factor of 50, w-, decreases by approximately a factor of 3, showing that the relaxation is
not a very strongly varying function of the density. It is interesting to note that the
relaxation time we measure at the highest density is significantly slower than that
measured by Lin and coworkers (1987) for densities of a few times 1Otcm4 . We
attribute this difference to the fact that in our experiment carrier-carrier scattering is
the only relaxation channel whereas in the case of large excess photon energy phonon
scattering as well as a number of other processes also participate in the relaxation, and
the measured relaxation rate is the sum of the individual rates. All these processes
may have different scalings with carrier densities, so it is important to isolate each
process to determine its density dependence. Nonetheless, the weak dependence
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which we find for the density dependence of the carrier-carrier scattering rate in our
high density experiments is consistent with the weak dependence which has been
found in other experiments. It is interesting to note that the relaxation time for our
highest density is only 30 fs (our model indicates that if it were less than 30 fs, such a
prominent hole would not be observed) and this is only about a factor of two lower
than the maximum theoretically obtainable excitation density for a 96 A quantum well.
By incorporating a properly saturating driving term into our model, we are able to
explain our experimental result that the spectral hole becomes broader at high
saturation levels. We note that in the previous experiment (Knox and coworkers 1986)
the spectral hole width was essentially equal to the excitation bandwidth, whereas in
the data of Fig. 2 at high density, the differential spectrum is about twice as broad as
the pump spectrum. We note that the small energy offset between the pump and
spectral hole in the previous experiment (Knox and coworkers 1986) is not reproduced
in these experiments. We determine that the spectral hole center is within 1 meV
from the center of the excitation pulse in the present experiments.

As mentioned in the introduction, by performing identical experiments in samples in
which a distribution of excess charged particles already exists before excitation, we
may learn more about the carrier-carrier scattering process and about the various
components it involves. In particular, experiments on ballistic transistors are
performed in such a way that nearly monoenergetic electrons are injected into a gate
region in which a sea of carriers are already thermalized to the lattice (Levi and
coworkers 1985) and Heiblum and coworkers (1985). Under these conditions, it has
been possible to calculate scattering rates as a function of excess energy and density
(Levi and coworkers 1985). In optical experiments in undoped samples, the the non-
thermal distribution at time t thermalizes by interactions with itself and not another
already thermalized distribution. In order to investigate these effects we have repeated
the experiment with modulation doped (MD) samples. Here we report preliminary
results on a n-type sample which consists of 50 periods of 120 A GaAs OW
sandwiched between 350 A AIGaAs barriers whose central 113 A contain
3x10'7cm " Si dopant. The density of electrons in the QW, N, =35xl0't cm "2 was
determined by Hall measurements. Figure (4) shows the absorption spectrum of a
room temperature MD-MQWS before excitation and the A t = 0 absorption
spectrum of the sample excited toNA = x10 12 cm -2 by a pump centered at 840 nm. It
is clear that the relaxation is very different from that of the undoped sample, since
there is no hole-burning. The line shape of the unexcited sample absorption spectrum
deserves some comments. The peak seen at 1.45 eV is not an exciton, but corresponds
to the electron-hole correlation singularity recently investigated theoretically
(Ruckenstein and Schmitt-Rink 1987), and experimentally (Livescu and coworkers

Si 1987). This resonance is due to the motion of the Fermi-sea of electrons in reaction to
£" the sudden appearance of the hole upon absorption of a photon. This screening of the

Coulomb potential of the hole correlates this latter to the whole Fermi-sea thus
forming a collective "many-body" analog of the hydrogenic exciton of the undoped
samples. In Fig. (5) the complete time delay scans are shown. A thermalized

* distribution is observed instantaneously in this experiment. Apparently, the effect of a
moderate background density of excess electrons which are thermalized to the lattice
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is to greatly increase the scattering rate. We estimate by comparison with our model
that the relaxation time is less than 10 fs for these -.onditions. One possible
explanation of this is that electron-electron scattering rates are enhanced by carrier
occupation near k = 0. Before the non-thermal distribution thermalizes, there is no
k=0 occupation, as has been shown experimentally (Knox and coworkers 1986) Lrid
theoretically (Schmitt-Rink, Chemla and Miller 1985). This striking result is
consistent with recent Monte-Carlo simulations in which a variable background
density was included (Bailey and coworkers 1987). These calculations indicated that
the non-thermal component vanishes when the background density is increased. This
can be interpreted as a very rapid thermalization which is faster than the laser pulses
which are used to make the measurements.

To our knowledge, these results represent the first optical investigations of non-
thermal carrier generation in doped structures, and we envision further extensions to
p-doped structures in which we may obtain information on the separate roles of
electron and hole contnbutions in optical experiments.

SUMMARY

We have investigated non-thermal carrier generation in GaAs MOWS at high
excitation densities by making use of a new laser system which generates intense 100 fs
white light continuum pulses centered at 805 nm at 6 kilohertz repetition rate. We find
that carrier-carrier scattering alone yields thermalization rates only as fast as 30 fs at
densities close to the theoretical maximum for n= 1 in-band excitation. We find that as
the density is varied over approximately 50-100 times, the scattering rate varies by only
a factor of 3 or so. We find that the width of the non-thermal distnbution depends on
carrier density. A simple dynamic relaxation-time approximation with a self-consistent
renormalized Fermi local-equilibrium distnbution function reproduces our dynamic
results quite well, and agrees qualitatively with Monte-Carlo simulations.
Experiments in modulation-doped samples show significant sensitivity to background
electron doping, and relaxation times of less than 10 fs are found for doping densities
of 3.5x 1011 n'.
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FIGURE CAPTIONS

Figure 1- Optical absorption spectra of 96 A GaAs MQWS at 300 K, before
excitation, at t = 0 when non-thermal distribution is at a peak, and at
132 fs after t = 0, and the excitation pulse spectrum.

Figure 2 - Differential transmission spectra at 66 fs delay intervals for undoped 96
A MQWS.

Figure 3- Time courses at exciton and at the nonthermal peak for (a) medium
density : 2xl011cm' 2 , and (b) high density: 1x1O2cm' 2. Insets show the
shape of the spectral hole burning signals at t = 0.

Figure 4- Modulation doped n-type sample spectra. Absorption spectrum before
t = 0, at t = 0 and pump pulse spectrum, and pump spectrum at 845
nm. showing no evidence for non-thermal distribution. This result
implies a thermalization time of less than 10 fs.

Figure 5 - Differential transmission scans for n-tye doped sample at 33 Es
intervals. Doping density is 3.5xl0tcm , as determined from Hall

measurements.
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Dynamical Aspects of Carrier Tunneling

in Semiconductor Superlattices

Yasuaki Masumoto

Institute of Physics. University of Tsukuba,

Sakura-mura, Niihari-gun, Ibaraki 305, Japan

Abstract

Dynamical carrier processes in GaAs-AIGaAs superlattices are studied

by means of picosecond spectroscopy and population mixing technique

under the electric field along the superlattice direction. Two prominent

structures are found in the curves of exciton luminescence and

photocurrent vs. the electric field. They are ascribed to the onset of

exciton dissociation followed by electron tunneling through AIGaAs

barriers and resonant electron sequential tunneling. The electron

tunneling rate is determined to be I/ (430ps) and is compared with

calculations. In addition, competitive nature of ultrafast processes of

photo-excited electron-hole pairs, exciton formation and pair ionization

followed by tunneling through barriers, are clarified under the various

electric field.
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SUMMARY

EXPERIMENTAL AND THEORETICAL STUDIES OF
COHERENT AND NONTHERMAL PROCESSES IN SEMICONDUCTORS

PROBED BY FEMTOSECOND LASER TECHNIQUES

N. Peyghambarian and S. W. Koch
Optical Sciences Center
University of Arizona

Tucson. AZ 85721

The coherent interaction of femtosecond laser pulses and a thin CdSe sample is investi-

gated both experimentally and theoretically. Observation of coherent phenomena in semicon-

ductors is very rare because the incoherent processes occur in the femtosecond time domain in

these materials. One example of such a phenomena is the so called optical Stark effect of exci-

ton where a blue shift of the exciton resonance occurs as a result of pumping below the

bandgap (in the transparency region). Here. we report on our investigations of coherent effects

involving band-to-band and also exciton transitions. Using femtosecond transmission measure-

ments we observe clear evidence for coherent interference effects of the light field and the

driven material polarization. These interferences manifest themselves as oscillatory structures

in the differential transmission spectra. The structures are observed either in the spectral vic-

inity of the exciton pulse for resonant interband excitation, or around the exciton resonance.

* Experiments were performed in a pump-probe geometry with the pulses having 280 fs dura-

tions. The transmission of the probe pulse in the presence and absence of the pump pulse is

detected and the normalized difference (DTS) is plotted against probe wavelength at various

time delays between the two pulses. DTS show oscillatory behavior at early times where the

probe preceeds the pump on the sample (negative time delays).

These oscillatory features are explained by comparison with a semiclassical theory. We

assume a weak. short probe pulse interacting with the time-dependent medium polarizaticn

-396-
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which is driven by the strong pump field. We consider the case, where the peak of the probe

pulse precedes the maximum of the pump pulse. The different electron-hole-pair states of the

semiconductor are modelled as mutually uncoupled transitions, each of which is described by a

density matrix. The dissipative scattering processes among the elementary excitations are in-

cluded through phenomenological decay rates in the equation of motion for the density matrix.

The theory has been evaluated for the cases of resonant interband pumping where the

transmission is probed around the frequency of the pump, and for the case of nonresonant

pumping where the transmission changes are measured at the exciton.

Examples of the computed results are presented for different time delays between probe

and pump. Similar to the experimental results, the spectra show clear oscillatory structures

when the probe precedes the pump. The physical explanation of the observed oscillatory

structures, which are reminescent of Ramsey fringes in atomic physics, is a transient popula-

tion grating originating from the pump and probe inside the crystal. The grating is generated

essentially during the temporal overlap of the pulses and the oscillations in the spectra are

caused by the interference between the probe pulse and that part of the pump pulse which is

scattered from the grating into the direction of the probe beam. The oscillation frequency is

determined by the time delay between pump and probe. An increase of the temporal overlap

between the pulses reduces the number and the amplitude of the oscillations with respect to the

central peak. A detailed analysis of the relative importance of the different damping processes

shows that the shape of the oscillatory structures is rather insensitive to the value of the dipole

damping rate. However, the oscillatory features depend very strongly on the population decay

rate. Increasing the population decay decreases the amplitude of the oscillations with respect to

the central peak until only a broadened peak, the spectral hole, is left. II
To analyze the situation where the transmission spectra are measured in the vicinity of the

exciton frequency, we modelled the exciton as a single homogeneously broadened transition.

The oscillations in the differential transmission spectra now occur around the exciton fre-

quency. Assuming non-resonant excitation spectrally below the exciton. we obtain asymmetric I
-397-



structures due to the detuning of the pump laser from the exciton resonance. When the delay

time approaches zero, the oscillations gradually disappear and the transmission changes assume

the dispersive shape characteristic for the optical Stark shift. Hence, the oscillatory structures

should be viewed as the early stages of the optical Stark effect in short-pulse pump-probe

spectroscopy. For large time delays, only a Lorentzian remains representing the exciton satura-

tion caused by the pump pulse. For the case of resonant interband excitation, one can observe

the oscillatory structures not only around the central pump frequency, but also around the

exciton resonance. These experimental observations are in qualitative agreement with the theo-

retical results which predict large oscillation amplitudes around the exciton transition even for

large detunings partly due to the greater exciton oscillator strength.

-398-
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EXPERIMENTAL AND THEORETICAL
STUDIES OF COHERENT AND
NONTHERMAL PROCESSES IN

SEMICONDUCTORS PROBED BY
FEMTOSECOND LASER TECHNIQUES

N. Peyghambarian and S. W. Koch
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OUTLINE

-- Introduction

-- Observation of Coherent Optical
Phenomena Around the Pump
Frequency and Exciton in CdSe

-- Theoretical Simulations

- - Conclusion

-400-



Dynamics of Laser-Excited
Electron-Hole Pairs

1. Coherent Regime or
Collision- Free Regime

Rabi flopping of electrons between band
states.

2. Nonthermal Distribution Regime

Collisions destroy phase coherence
Spectral hole burning

3. Quasi-Thermal Regime
Optical Nonlinearities
Coulomb Screening
Bandgap Renormalization
State Blocking
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U.S.-Japan Workshop
Monterey, 1987

Femtosecond Studies of Hot Carrier

Relaxation in GaAs and AlGaAs

E. P. Ippen and J. G. Fujimoto

Department of Electrical Engineering and
Computer Science and the Research Laboratory

of Electronics
Massachusetts Institute of Technology

Cambridge, MA 02139

ABSTRACT

Femtosecond carrier dynamics in GaAs and AlGaAs thin films

have been studied by femtosecond pump-probe absorption0
saturation spectroscopy. Identical pulse measurements monitor

the rapid scattering of the carriers out of their initial,

optically excited states. Multi-wavelength continuum probe

investigations confirm the presence of the initial non-thermal

carrier distribution as well as the appearance of state-filling

throughout the band on a timescale of tens of femtoseconds.

SUMMARY

We describe a series of experiments which use femtosecond

optical pulses to excite carriers in thin films of GaAs and

AIGaAs semiconductors. Other, time-delayed femtosecond pulses

are then used to probe the induced, and time-varying, changes in

optical absorption that follow the excitation. Using pump and

probe pulses of the same wavelength, we have investigated how

long it takes highly excited carriers to scatter out of their
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initial, excited energy distribution. These experimenta were

performed as a function of excitation density, pulse duration,

and sample composition. For an excitation photon energy of 1.98

eV, the largest changes in behavior were found to occur with

changes in Al concentration. In a second set of investigations,

we have used probe pulses of various wavelengths, derived from a

femtosecond continuum, to determine where the carriers go when

they leave their initial excited states and how their

distribution develops subsequently. In these experiments, the

initial excitations can be observed directly as absorption

saturation holes. Electrons are then observed to redistribute

4- rapidly, in tens of femtoseconds, throughout the conduction band

and to cool to the lattice on a slower, picosecond timescale.

The laser source for the identical-pulse experiments was a

CPM ring dye laser incorporating internal prisms for control of

dispersion. In addition, a pair of prisms was used external to

the laser cavity to permit independent adjustment of pulse

duration and chirp. Thus, we were able to produce either

bandwidth-limited pulses of variable duration (35 - 150 fs) or

pulses of variable chirp. Variations of both parameters were

*used to verify the speed and energy shifts of the carrier

relaxation dynamics being observed. Pump-probe traces revealed

dynamic behavior that could be separated into two different

temporal regimes: a partial rapid recovery of absorption

corresponding to the carriers leaving their initial excited

states; and a slower, picosecond decay that can be attributed to

the cooling of the distribution to the lattice via LO phonon

- -416-
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emission. The latter, picosecond contribution had approximately

the same time constant in all samples studied. The early rapid

response, however, varied in time constant from less than 30 fs

for GaAs to 130 fs for AlGaAs with 0.3 mole fraction Al. This

variation is due to changes in a number of factors including the

initial excess energy of the carriers, simultaneous excitation

of carriers from different valence bands, and the probability of

intervalley scattering.

For the continuum probe experiments the output of the CPM

laser was amplified with the help of a high-repetition-rate

pulsed copper vapor laser. A fraction of the amplified output

was split off for use as a pump beam. The remainder was

focussed into a thin jet of ethylene glycol to generate a

broadband continuum probe pulse. Results obtained using this

system were consistent with the results described above; and

they revealed, for the first time, transient absorption holes

due to excitation from the split-off valence band as well as

that from the light and heavy hole band. The continuum probe

also confirmed that state filling throughout the band becomes

evident within tens of femtoseconds of excitation.

This work was supported in part by the Air Force Office of

Scientific Research Grant 85-0213. JGF acknowledges support

from the National Science Foundation Presidential Young

Investigator Program Grant ECS-8552701. ]
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SUM MAZ

FENIOSECOID CARRIER ENERGY RELAXATION

DYNAM1I CS

* TRANSIENT MONTHERMAL CARRIER DISTRISUTION

- ABSORPTION SATURATION HOLES

- TIME SCALE <. PULSE DURATION

* . CARRIER-CARRIER SCATTERING

- RAPID SCATTERING TO RANGE OF
ENERGIES

- N - 108

* CARRIER-PHONON SCATTERING

- ELECTRON COOLING

- INTERVALLEY SCATTERING?

- TIME SCALE 2 ps
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Exciton Relaxation Phenomena in a Disordered System

Masaki Aihara

Department of Physics, Faculty of Liberal Arts
Yamaguchi University

Exciton relaxation phenomena in a disordered system are
theoretically investigated by transient resonant light
scattering and the transient optical parametric effect.

For transient resonant scattering, following
observation are made. In the case of weak disorder, the
fast scattering-like and the slow luminescence-like
components distinctively arise in the time-resolved
spectrum of resonantly scattered radiation, as shown in
Fig. 1. In figures, 6 is the disorder strengh, CA is the
atomic concentration of a binary mixed crystal, y is the
inverse of the exciton lifetime, Q. and 0 are mean photon
energies for incident and scattere6 radiaiion, and 6 is the

d spectral width of incident radiation.
In the case of strong disorder, the scattering-like

rapid component and the luminescence-like slow components
are amalgamated as shown in Fig. 2, which reflect the
diffusive motion of excitons caused by the higher-order
multiple scattering of excitons due to strong disorder.

In the case of very strong disorder with the split
spectrum, the quantum beat effect inherent in the excitons
in mixed crystals arises as shown in Fig. 3.

For the transient optical parametric effect, a
significant deviation from the exponential decay is found
even in the case of relatively weak disorder, as shown in
Figs. 4 and 5. This is a kind of the non-Markovian
relaxation, where the memory effect associated with the
exciton dephasing takes part in the problem.

In the case of strong disorder, there arises a
transient response similar to the photon-echo phenomenon,
as shown in Fig. 6. This is the reflction of the fact that
excitons are not coherently extended in crystals, but are
momentarily localized due to disorder.
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Generation of number-phase minimum uncertainty states

Y. Yamamoto, S. Machida, N. Imoto, M. Kitagawa and G. Bjdrk W.3

NTT Basic Research Laboratory

Musashinoshi, Tokyo 180, Japan

The difference between the two nonclassical lights, i.e. the squeezed

state and number-phase minimum uncertainty state (NUS) is discussed.

The four different generation principles for NUS are described. They

are

1) unitary evolution using self-phase modulation1)

2)2) nonunitary state reduction by the first kind measurement

3) controlled state reduction by quantum correlation measurement-

feedback 3) -5 ) and

6)-8)4) highly saturated laser oscillator with suppressed-pump-noise

The constant current-driven semiconductor laser based on the last

principle generated the NUS with photon number noise reduced below the

standard quantum limit by 40% in the entire frequency region from dc to

I.IGHz. Several applications of NUS including quantum communication

quantum mechanical computers10 )  and interferometric gravitational

detection are discussed briefly.

1) M. Kitagawa and Y. Yamamoto, Phys. Rev. A34, 3974 (1986)

2) M. Kitagawa, N. Imoto and Y. Yamamoto, Phys. Rev. A35, 5270 (1987)

3) Y. Yamamoto, N. Imoto and S. achida, Phys. Rev. A33, 3243 (1986)
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5) G. Bjdrk and Y. Yamnamoto, to be published

6) Y. Yamamoto, S. Ilachida and 0. Nilsson, Phys. Rev. A34, 4025 (1986)

7) Y. Yamamoto and S. Machida, Phys. Rev. A35, 5114 (1987)

8) S. Machida, Y. Yamamoto and Y. Itaya, Phys. Rev. Lett. 58, 1000

(1987)

9) Y. Yamamoto and H. A. Haus, Rev. Mod. Phys. 56, 1001 (1986)

10) K. Igeta and Y. Yamamoto, to be published
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Generation of Number-Phase Minimum Uncertainty States O

Y. Yamamoto, S. Machida, N. Imoto, M. Kitagawa and G. Bjbrk

NTT Basic Research Laboratory

1. Squeezed state (SS) vs. Number-phase minimum uncertainty state(NUS)

2. Four generation schemes of NUS
*unitary evolution
*nonunitary state reduction
*measurement- feedback
*saturated oscillator 40% below SQL from dc to 1.1 GHz

3. Applications

Minimum Uncertainty States

14 Ia > 6 (rO 0)r~.) (

* ~ ~ ~ ~ ~ s 01 1 eI2F";. .. ~ ~

0) . E

Squeezed state quadrature phase State

li _Pi
coherent State R
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Four different generation schemes of NUS

amplitude-phase correlation

unitary (rPM)

quantum correlation

Isbsseml sub-system

ustate reduction

measurement

quantum correlation

sub-sstemsub-system

feedback
INUS measurement

I aSor

internal fie'd * vacuum field

gain Saturation (cavity)

pooulction difference NUS
1

(pumo) *K
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Unitary Evolution for NUS Generation
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Nonunitary State Reduction by 1st kind Measurement
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Pump-Noise-Suppressed Laser Oscillator

pump light loser emission pump electron laser emission
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Calibration of Standard Quantum Limit
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AMPLITUDE SQUEEZING vs. OPTICAL LOSS

W
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Application II -Quantum Mechanical Computer -

Reversible logic (Fredkin gate) Microscopic memory (OND readout)
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Conclusion

1. Four different generation schemes of NUS
2. Constant current-driven semiconductor laser -

large squeezing quantum efficiency limited
broadband from dc to several(ten) GHz
wavelength tunability from 0.6 pm to 10 pm

.'2 3. Applications

Quantum communication / Quantum computer / Interferometry
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SQUEEZING VIA TRAVILLING-VAIVE FORWARD FOUR-WAVE MIXING

IN ATOMIC VAPORS: COMPARISON WITH NONDEOEIERATE THEORY

Prem Kumar

Northwestern University

In this paper, I show that our recent observation of 4% squeezing via

travelling-wave forward four-wave mixing in sodium vaporl is in good

agreement with our quantum theory of nondegenerate multiwave mixing. 2

Squeezing spectra for the parameter values employed In the Maeda et

al. 1 experiment are presented. It is shown that for the available

dye-laser power, as much as a factor of four squeezing should be

achievable from about 50 to 700 MHz in the sodium vapor experiment.

However, Doppler broadening, optical pumping, and self-focussing

effects may limit the observable squeezing.

1. M. W. Maeda, P. Kumar, and J. H. Shapiro, Opt. Lett. 12, 161

(1987).

2. S.-T. Ho, P. Kumar, and J. H. Shapiro, Phys. Rev. A 311, 3982

(1987).
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GENERATING SQUEEZED MICROWAVE RADIATION
WITH A JOSEPHSON PARAMETRIC AMPLIFIER

B. Yurke
AT&T Bell Laboratories

Murray Hill, New Jersey 07974

In an effort to generate squeezed microwave radiation at 20 GHz

via a Josephson parametric amplifier, we have recently demonstrated

a factor of 2 squeezing of 4.2K thermal noise. A room temperature

mixer with a 660K noise temperature was employed for homodyne detection.

The overall detector system noise temperature (including waveguide losses)

was 2100K. In order to rule out detector saturation effects, a probe

signal was injected into the mixer to monitor the detector system gain.

Since at 4.2K one is only an order of magnitude from the quantum noise

floor, we are hopeful of observing quantum noise squeezing when the

device is cooled well below .5K.

,
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SQUEEZED STATE GENERATION AT 20 Gltz

0Motivation: o
(1) One wants squeezed state sources at as many >

frequencies as possible. X

(2) Study Rydberg atoms Interacting with squeezed M
radiation

(a) level shifts.>

(b) florescence spectrum line narrowing. Z

(3) Study quantum behavior of Josephson circuits.

Why 20 GHz: C

(1) hv= kT
for T = 1K and v = 21 GHz.

(2) K-band wavegulde Is of a convenient size to fit
In a cryostat.

*](3) Josephson technology works well here.

5
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( THE JOSEPHSON PARAMETRIC AMPLIFIER

PUMP
TRANSMISSION

LINE

-1c CONTROL *0 +lC CONTROL
0
2
0

LS LS
M

Ld d .44 Jd C L

0

IONA'-'

TRANSMISSIONLINE: C

I,

Junction technology Nb-AIO-Nb

C Novel Features:
z
" 0(1) Two Junctions employed to tune critical current via
z I, I+ control lines.

(2) Four-Stage Impedance Transformer (1 GHz passband).
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Detecting Squeezed States by Cross-Correlation

Z.Y. Ou, C.K. Hong and L. Mandel

Department of Physics and Astronomy
University of Rochester
Rochester, New York 14627

Abstract

't is shown that squeezed states can be detected by cross-

correlation measurements of the outputs of two detectors in a

homodyne experiment, and that squeezing shows up as a positive

correlation. The technique offers some of the same advantages as

the balanced homodyne technique of Yuen and Chan, without the need

to balance the detectors.

iG
,his work was supported by the National Science Foundation and by

the Office of Naval Research. A paper on this work is to appear in

The Physical Review A.
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WHAT HAS BEEN DONE AND WHAT WILL BE DONE

BY SUBNATURAL LINEWIDTH SPECTROSCOPY

Hiroshi Takuma, Kazuko Shimizu

Institute for Laser Science and Department of Engineering Physics
University of Electro-Communications, 1-5-1 Chofugaoka, Chofu-shi Tokyo 182 Japan

and Fujio Shimizu

Department of Applied Physics, Faculty of Engineering
University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 Japan

1. INTRODUCTION

Reduction of linewidth is an essential approach in high resolution spectro-
scopy. Several methods to remove or reduce inhomogeneous linewidth have been

* developed resulting in a drastic improvement in the high resolution capability
of laser spectroscopy. On the other hand, application of lasers has not been
very effective in reducing homogeneous linewidth.

Main causes of the homogeneous line broadening in gaseous media are pressure
broadening, saturation broadening, limited interaction time (transit time in the

*atomic/molecular beam spectroscopy), and natural width. Among those, the first
and the second ones are easily removed or reduced. The third one can be reduced
by the use of recently developed laser cooling techniques. Thus the present dis-
cussion will be concentrated in the last one: reduction of the natural linewidth.

2. BASIC PRINCIPLE

As is well known, the natural width is caused by the uncertainty principle:
when the natural life time of an excited state is T, observation of the fluo-
rescence from the excited state gives the time at whicn the atom is in the
excited state with an accuracy of T. Thus uncertainty principle requires that
the limit in the accuracy of measuring the energy of the excited state is given
by h/(2 7T), thus the fluorescence spectrum should have a linewidth (uncertainty
in the frequency) of 1/(2 T).

The same phenomenon can be described by classical picture as follows: if an
ensemble of atoms is excited instantly to tne excited state. The fluorescence
intensity should be described as 1=10 exp(-t/T), where I is a constant. Then
the amplitude of the electric field should be E=E 0 exp(-t/2), and corresponding
Fourier transform, that is the frequency domain representation of the fluores-
cence as a response to an impulse excitation, should have a FWHM of 1/(27-).

It is in principle easy to reduce a natural width: that is, to deal with only
such atoms which happen to remain in the excited state longer than T, which is a
time much longer than the life time -r. Because the number of such atoms is pro-
portional to exp(-T/T), where T is the time much longer than T, we must sacrifice
tne fluorescence intensity in order to reduce the linewidth.

However, one cannot expect any reduction of linewidth by simply carrying out
delayed fluorescence measurement. Reduction of the linewidth can be expected if
we could detect the response of each atom independently. It is needed to carry
out the delayed measurement of a quantity which reflects the amplitude of the
fluorescence including the phase. A typical example is seen in various types
of coherent interactions of atoms and the electromagnetic field.
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3. POSSIBLE SCHEMES AND EXPERIMENTAL RESULTS

[] DELAYED OBSERVATION OF SINGLE EVENT

In order to certify that a photon is emitted in a time interval longer than
T, we must know when the atom made a transition to the excited state. It can be
easily done in y-ray spectroscopy using Mossbauer effect. The 14.4 keV y-ray is
emitted by the sRontaneous emission by a nuclear excited state of 57 Fe having a
life time of 10" 'sec. This metastable nuclear state is occupied by 122 keV y-ray
of a higher excited state. Thus detection of 122 keV y-ray tells us when a nucleus
makes transition to the 14.4 keV excited state. If we observe only such a photon
which is emitted more than T sec after the emission of a 122 keV photon, we will be
able to obtain a sharp linewidth characterized by T[l].

[2] UOUBLE RESONANCE

In many spectroscopic applications, direct purpose of high resolution spectro-
scopy is to observe the hyperfine structure of the upper or the lower state. Double
resonance is a convenient method to observe the hyperfine structure of the upper
state, and the linewidth of the radiofrequency spectrum can be much shorter than
that of the optical spectrum [2]. Although this is not a direct observation of the
subnatural linewidth and does not contribute in improving the accuracy of the
optical spectrum, it is an excellent method to determine the hyperfine structure
accurately.

[3] RAMSEY RESONANCE

The most straightforward scheme of subnatural linewidth spectroscopy should be
that of Ramsey resonance: if an atom is excited to the resonant state in the first
field and keeps coherence until it is interacted by the second radiation field,
signal takes a "Ramsey pattern." Apparently coherence of the atom is conserved
only when it stays in the excited state, and the number of such atoms should
decrease by a factor exp(-T/T).

For resonant transitions in the visible region, the natural lifetime is too
short to practice conventional Ramsey resonance experiment. In such a case,
acceleration of atoms (ionization- acceleration- neutralization) is a reasonable
solution, though technically tedious to accelerate neutral atoms [3].

[4] LEVEL CROSSING

Level crossing signal is a result of mixing of two quantum states, and inter-
ference of the probability amplitudes is directly detected. Thus we have a possi-
bility of narrowing the line by delayed observation. This method has been applied
by several groups in early 70's on Ca and Ba [4], and also on Na [5,6] success-
fully observing narrowed linewidth.

[5] QUANTUM BEAT

When a couple of nearby states of the same symmetry are excited at the same
time by a pulsed light, we can observe a quantum beat signal, which is essen-
tially the interference of the probability amplitudes of the two states. Thus
the observation of the quantum beat allows us to narrow the linewidth by carrying
out the delayed observation. Theoretical treatment on this scheme was discussed
in detail [7,8].
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[6] COHERENT TRANSIENT

Coherent transient phenomena generally includes all the effects in which
interaction of coherent light and coherent quantum states of matter give rise
to a signal as the beat note of the coherent incident light and the radiation
emitted by the induced dipole of the matter. Thus there are many possible
arrangements by which we can expect narrowing by delayed observation.

However, an experimental success has been obtained only on our phase switch-
ing method [9,10]. In this method, one observes the effect of phase switching in
the nutation signal of the atoms. Recently, hyperfine components in the D2 line
of lithium which are overlapping in the natural linewidth limited spectroscopy
have been successfully separated by this method [11]. This may be the first
experimental demonstration that SNWS is practically useful if it allows to sepa-
rate hyperfine structures hidden within the natural width, as shown in a computer
simulation [12].

4. FUTURE TRENDS

Importance of SNWS has been increased by recent technical improvements on
laser cooling and trapping of atoms and ions. Ultimate linewidth limit in SNWS
is atomic/molecular transit time in the optical field and signal-to-noise ratio.
The former can be very much extended by cooling the atoms under observation and
can be even infinite by trapping the atoms. The former can be eliminated simply
extending the total accumulation time, if we have sufficient absolute frequency
stability of lasers, and the SNWS scheme guarantees the center frequency of the
spectrum to be investigated. This last point is especially important in choosing
the SNWS scheme.
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[3]RAMSEY RESONANCE( 1)

Sx.)K- A. SAFI NYA et al. 1980

SCHEMAT I C EXPER I MENTAL SETUP
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ACCELERATOR EXCHANGE SELECTION SPECTROSCOPY POST

QUENCH

(b) A schematic drawing of the microwave plumbing in
the spectroscopy region. A, three-pole switch; B,

matched load; C., low-pass filters; D, precision vari-

able attenuators; E, 50-dB circulators; F, vacuumI
windows; G, magic tee; i, interaction waveguides;

1, beam; , detector diodes. -517-

A-e



E 3)RAM-SEY RESONANCE (2 )

~ K. A. SAFUNYA t 1.1 9 1980

EXPER IMENTAL- RESUL-T

2 2 p 3 ,--2-2 2 S,,e'2 OP H

9911 .11 7(41) MH2-

40-

200/

10-108.)(M z

-1-3

-24 -20D -10 -2 8 0 0 4 0 12 6 0 4



C6) COHERENT TRANS IENT

x. )PHASE SWITCHED NUTATION

BY F.SHIMIZU 4et al . 1981 Na

PhotoO U modultor

(a) Am &s~uore wave

E-on counte*-

1IUS - pG s a
chose TT

gaut rf -L-f -l

(b) couterT



v-4

+
C ) - -* -----------

CC

C=)"
m C)

+ CV

------- -------

__ -52- -

-J C
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Comprehensive Model for Laser Instability in a CO2  Laser

with Gaseous Saturable Absorber

Tadao Shimizu, Maki Tachikawa. and Kazuhito Tanhi

Department of Physics, Faculty of Science. University of Tokyo.

7-3-1 Hongo, Bunkyo-ku. Tokyo 113, Japan

Summary: A periodic self-pulsation well known as passive Q-
switching (PQS) is observed in a CO2 laser containing a gaseous

saturable absorber inside its cavity. PQS was developed at first

as a high power pulse source to pump far-infrared lasers. In

response to the recent interest in laser instability, it is now

being reinvestigated extensively. Dynamic properties of the

relating molecular systems are sensitively reflected in the

transient pulse structure, and various features of PQS pulsation

are realized, depending on lasing conditions and characteristics N'

of the absorbing molecules. The most familiar PQS pulse is that

with a single peak as is shown In Fig.l(a). Several new types of

1.2PQS have recently been reported. The laser output is

modulated sinusoidally when saturable absorbers such as CH31 or

CH3OH is used (Fig.l(b)). An undamped undulation appears over

the quasi-cw tail of PQS pulse with HCOOH absorber (Fig.l(c)).

The undulation appears only in the ending part of the pulse tail

in the case of SF6 absorber (Fig.l(d)).

So far, in spite of extensive efforts to analyze the PQS

-531-
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behavior, there has been no good model which reproduces the

observed pulse structure with fidelity. We have tried a

semiclassical rate-equation analysis introducing the vibrational

relaxation of the lower laser level. It is found that this rate-

equation approximation is very effective to describe the PQS

phenomenon in the gas laser system. It seems that all the

essential physical processes are included in this model to

describe a transient behavior in the quantum mechanical system

with strong nonlinearity. Through the numerical integration of

the rate equations we have succeeded in systematic reproduction

of all the PQS pulses, especially the PQS pulse with the undamped

undulation for the first time (see Fig.l(al)-(d')). The

undulation was revealed as a relaxation oscillation induced by

the relaxation of the lower laser level. The model also

describes optical bistability observed in the present laser

system well.

The computer calculation based on the present model shows that

chaotic pulsation is realized led by the period-doubling route.

This is the first demonstration of chaos in a laser containing a

saturable absorber. (In other words this is the first aperiodic

passive Q-switching.) The chaos appears in a very limited

parameter region where the undulation period is close to the

1 pulse Interval. The presence of the two close time constants may

be a key to the production of chaos. The present analysis

suggests that it is possible by introducing saturable absorbers

inside the cavity to observe chaos even in small-gain lasers such

as CO2 and N20 lasers far from the bad-cavity condition.

2
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(d) (i
SF6

observation calculation

FIg.l observed ((a)-(d)) and calculated ((a')-(d')) POS

pulse shapes. Full scale Is 500 Fs for (c) and (c'),

and 200 Ps for others. 
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RECENT PROGRESS IN OPTICAL BISTABILITY AND TRISTABILITY

T. Yabuzaki and M. Kitano *,

Department of Physics, Kyoto University, Kyoto 606, Japan, and

* Radio Atomospheric Science Center, Kyoto University, Uji, Kyoto

611, Japan

Summary

In recent years we have been studying theoretically and

experimentally on the new type of optical bistability and

tristability, and on the related phenomena such as self-pulsing,

chaos, and transient chaos. I would like to focus my present

talk on the optical bistability in the first place, which is

caused by the spin polarization in the presence of optical

feedback. This bistability is considerably different from the

ordinary one, because it has no hysteresis cycle, while it does

have a pitchfork bifurcation, i.e. symmetry-breaking. Secondly

I would like to talk about the self-switching of the light

polarization by spin-precession, which takes place in the same

optical system. Finally, I discuss about the multistability

observed experimentally, using simplified models with coupling

between spatial modes of light.
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Recent Progress In Optical

Bi- and TrI-Stability

T. Yabuzaki and M. Kitano

Kyoto University

Distability and tristability with

symmetry-breaking caused by the spin-

polarization through optical pumping

in the presence of optical feedback

Focused Phenomena

O (1) Self-pulsin-g, or Self -Sustained

spin-precession associated withi

the optical bistability with

symme try - b reak I rig

o(2) opt IcalI mulIt IstabIlI Ity I n the Same

sys tern

(2) Chaos anid tratisient chaos in the

optically tri-stable systemI
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NNCLASSICAL LIGHTS

Horace P. Yuen
Department of Electrical Engineering and Computer Science

Northwestern University
Evanston, Illinois 60208

The differences between *nonclassical* lights and coherent-state lights
are reviewed. Some general observations are made concerning the generation,
propagation, and detection of squeezed-state and near number-&tate lights. The
role of phase-sensitive linear amplifiers and photon-number amplifiers is
emphasized. Certain possible applications of nonclassical lights to communica-
tions are described, including optic local area networks.
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Quantum Statistics of Parametric
Oscillators Above Threshold

D.F. Walls*, M.J. Collett +, A.S. Lane*,
M.D. Reid* and C.M. SavageA

* Physics Department

University of Waikato
Hamilton, New Zealand

+ Physics Department

University of Essex
Colchester, Essex, U.K.

A Optical Sciences Center
University or Arizona

Tucson, A2, U.S.A.

Summary

The quantum statistics of the degenerate parametric oscillator
above threshold are described. The squeezing spectrum is plotted
for a range of parameters. The nondegenerate parametric
oscillator is studied above threshold where the solutions are
known to undergo phase diffusion. The fluctuations in the
difference current from the signal and idler modes are calculated
for the case where the signal and idler may have different cavity
decay rates.

-601-

J 1J



Collett

tDetwetor

HOAM!11% N!OI A K

+2

+4a 2 2 hc
Dvii i dsct

-602-



&I +4 ,' 2 +LI I;X (t

(t *%) S (t -.

.2

EEEh

-603-



~(i ae)

4XE

-64

"41 1



'Xe)0.

0.5

-0 0 10

-605-

gm lil~ljlmI.



A 6av~e 7hreshoI4

V~x .2

Collett

-606-

'V IV A



P~r~nie0n1 r, raY~

1.0 . . . . . .

Ep/Ec =10
V~xe)"2/yI =0.01

-607-

III'' Jill



0.512 r 1

*0.0 2. E/c 3.

-608-

% ,



00

C\2

-609-

J~AVl



130t

I -610-4L%

~4



Rcid a Lane

E wpt c" 4inlY

idler 1 11

i k(ca b -cab)

+ ( ra+ b r + c + h..

Lai-igavin Equations

+' I
<'/' 4 aZ 61

zV a..- -p -F



._:- 5 edy tafe !t . s,_

Threshold /5jc Fy Y

BloW threSholdC F.
Above threho d

, £~= *2,c-c

IC, - _ _

to2 2

Ce

10 re i& -612-



7C.L tah 1.v ~ A

C

Yb $e kco 6 OZix+ Sc

&lgenvalueS Y\=
2

FiI azregnva

5olutioins ur15tablt
undergo phase diffusion

-613-



Abc've. , r~hW
Transform equations to radial

anid phase vawiablecs

- ~~~i uii* * ,



1A

1A' 1I SIC
A k

irs A
~IA

A 1A

I ' c-'1.S.A+F

EAId&1

'- FA~ i~ ott) 65



p1hase equation5

.;tablet

2k2
si T IASeFs

Sir -2MSID + F,

s ab e.
-616-

I'll d~ (l':'



Svecctrp..m~ of £hu-ctutI-onse a. the

.. r r rr

S~p(2 lwiw)

2

Keynaud, Fabre + Giacobino

Expereihwrt ,

-617-1

49 V. * . 9. i



-4

(.4 -. -C; -618-



Inttnsity Equationls

* 2 1

Sid ASld * TASIC F

(,(4W 2+A'A)JA

IItAeI (A)(~A)~~ 2YC4

R(A)2- 4A_+_I

-619-

Pill



vWWWWFUTRI~ aWW Tol

1-4I

-60

IF %I



II'
*on

CD

t" I1I

LO)

Im

4 --- -. ; -621-



II

A

I I U

I'

I:
Ii
I:

I
I, C
pg -
A

- I

0 - -

- U)II -- - -

(.4

C -'

1~

II
0

0#u

,/p.~ ,f
1* -

C C
(.4 - - C a -622-



Loss pum p Yc bio.

('14)

Foor (+aeat)t

-623-

9'. 
p.



If 0

9.9

,- -624 -

- t 
i 0 -

III

I.--"o. 
- 624

I I

.0* 
1 

' . ; 2." . .2' ? . '"".. ,-,-".- -':.'-"-"- ' ..- ' ' " "-"- -"- ,. "'",.";.")..



Low Loss Purp

dotermeinoc I;Ae wtdf

-625-



C4

---- --- --- ---- --- --------
-------------------- -- ----- -----

IWOii



04 0
--~ ~ ~ -- - - - - - - -

-627



OPEN QUESTIONS IN CLOSED-LOOP PHOTODETECTION

Jeffrey H. Shapiro

Massachusett; Institute of Technology

Department of Electrical Engineering and Computer Science

Cambridge, Massachusetts 02139

The usual open-loop quantum and semiclassical theories of light

detection apply to configurations in which there is no feedback from the

photodetector to the light beam impinging on that detector [1] -[3].

In these circumstances there are unmistakable signatures of nonclassical

light, such as sub-shot-noise spectra and sub-Poisson photocounts. No

such unmistakable signatures exist for the case of closed-loop photo-

detection, i.e., for configurations in which there is a feedback path

from the detector to the light source. This talk reviews recent progress

[4], [5] in the theory of closed-loop photodetection, and extrapolates

therefrom to possible future schemes for quantum-state synthesis and

quantum-measurement synthesis.
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